General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



* 


• S *'■ 


. 






* 

' 


260 32 

Federal Photovoltaic Utilization Program 


¥ 


DOE/ET-20356 16 
Distribution Category UC-63b 


4 -C 1 I- 17 jyOJ) S 1A RD-ALcA£ i. AT- PL A 1 £ Pb4-J 2922 

p *• voltaic puau. brsTAns: aisit a sizing 

.’ ••I j IPL-ClfCLiS COSTIAC flLTbCJCLOG Y FOR 

* iAl ACLNClbL (Jet Piopultti.cn LaL.) 96 p Unci a £ 

he ^5/d* A0 1 CSC JL 10b GJ/4 4 2 3bJ1 



\ - 



Stand-Alone Flat-Plate Photovoltaic 
Power Systems: System Sizing and 
Life-Cycle Costing Methodology for 
Federal Agencies 




■ 


■ ISt 


C.S. Borden 
K. Volkmer 
E.H. Cochrane 
C. Lawson 




" r 


\ 


•• 



' ■■ - /> 

// 


Prepared for 

U S. Department of Energy 

Throu^n Agreement with 

Nation,.! Aeronautics and Space Administration 


Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena. California 

JPL Publication 84-37 





v 



s 




I 


5260*32 

Federal Photovoltaic Utilization Program 


DOE/ET-20356-16 
Distribution Category UC*63b 


Stand-Alone Flat-Plate Photovoltaic 
Power Systems: System Sizing and 
Life-Cycle Costing Methodology for 
Federal Agencies 

C.S, Borden 
K. Volkmer 
E.H. Cochrane 
A.C. Lawson 


May 1984 
Prepared for 

U.S. Department of Energy 

Through an Agreement with 

National Aeronautics and Space Administration 

by 

Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 


JPL Publication 84-37 


Prepared by the Jet Propulsion Laboratory. California Institute of Technology, 
for the U,S. Departr ent of Energy through an agreement with the National 
Aeronautics and Space Administration, 


The J PL Flat-Plate Solar Array Project is sponsored by the U.S, Department of 
Energy and is part of the Photovoltaic Energy Systems Program to initiate a 
major effort toward the development of cost-competitive solar arrays. 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, com- 
pleteness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights, 

Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 

This publication reports on work done under NASA Task RE-152, Amendment 
200, DOE/NASA IAA No. DE-A101-76ET20356. 



ABSTRACT 


A simple methodology to estimate photovoltaic system size and life-cycle 
costs in stand-alone applications is presented in this document. It is 
designed to assist engineers at Government agencies in determining the 
feasibility of using small stand-alone photovoltaic systems to supply ac or dc 
power to the load. Photovoltaic system design considerations are presented a*' 
well as the equations for sizing the flat-plate array and the battery storage 
to meet the required load. Cost effectiveness of a candidate photovoltaic 
system is based on comparison with the life-cycle cost of alternative 
systems. Examples of alternative systems addressed herein are batteries, 
diesel generators, the utility grid, and other renewable energy systems. A 
companion document, Flat-Plate Photovoltaic Power Systems Handbook for Federal 
Agencies (Reference 10), is recommended for discussion of issues for 
evaluating the viability of potential photovoltaic applications; descriptions 
of present photovoltaic system applications; synthesis of lessons learned from 
photovoltaic system design, installation, and operation; and identification of 
procurement strategies for Federal agencies. 
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FOREWORD 


This system sizing and life-cycle costing methodology provides a tool 
for Federal agencies to use in estimating photovoltaic system size and 
life-cycle costs for non-utility grid-interactive applications. It is 
specifically intended for use by the Federal Government since use by 
non-Government entities would require additional considerations such as the 
effect of taxes. It is not intended for detailed system design, but rather 
provides a Government engineer, having limited background in photovoltaic 
technology, with the concepts required to estimate the photovoltaic system 
size and corresponding life-cycle cost. The methodology is appropriate for 
sizing remote photovoltaic systems that use fixed flat-plate photovoltaic 
collector technology with or without battery storage. In addition, the 
procedures for determining initial capital costs and life-cycle costs can be 
used to estimate funding requirements for system procurement. 

To evaluate the life-cycle costs for a photovoltaic system, a comparison 
must be made with those of any alternative system. The methodology permits 
calculations of the life-cycle cost of both a photovoltaic power system and 
that of any alternative system. 

Should questions arise from the use of this methodology, contact the 
Federal Photovoltaic Utilization Program Office at the Jet Propulsion 
Laboratory, 4800 Oak Grove Drive, Pasadena, California, 91109, telephone (818) 
577-9523 or FTS 961-9523. 


ACKNOWLEDGMENT 


The U.S. Department of Energy Federal Photovoltaic Utilization Program, 
under the direction of Mr. Michael Pulscak, Program Manager, provides for the 
acquisition and installation of photovoltaic systems within various Federal 
agencies. This methodology has been prepared as part of this program. 


PRECEDING PAGE BEANIC NOT FILMED 


v 



CONTENTS 




I. INTRODUCTION 1-1 

A. ABOUT THIS DOCUMENT 1-1 

1. Purpose . . , , 1-1 

2. Scope 1-1 

3. Organization of the Document 1-1 

B. POTENTIAL APPLICATIONS FOR PHOTOVOLTAIC POWER SYSTEMS .... 1-2 

C. PHOTOVOLTAIC POWER SYSTEM DESCRIPTION 1-2 

1. The Solar Cell, Module, and Array 1-2 

2. The Photovoltaic System 1-3 

3. Insolation Characteristics and Their Effect 

on System Sizing 1-5 

II. SYSTEM SIZING 2-1 

A. RATIONALE 2-1 

B. SUMMARY OF THE PHOTOVOLTAIC SYSTEM SIZING METHODOLOGY .... 2-1 

C. PHOTOVOLTAIC SYSTEM SIZING PROCEDURE 2-5 

1. Calculate the Load . . 2-5 

2. Determine Local Insolation 2-6 

3. Calculate "Worst-Month" Insolation and Load 2-6 

4. Determine Array and Battery Storage Sizing Factors . . . 2-8 

5. Calculate Array Power and Area 2-11 

6. Calculate Battery Storage Size 2-13 

7. Determine Voltage Regulator Size 2-14 

8. Determine Inverter or Converter Size 2-14 


PRECEDING PAGE BLANK NOT HE&gD' 


vii 


III. 


SYSTEM COST ANALYSIS 


3-1 


A. SCOPE 3-1 

B. COST ANALYSIS METHODOLOGY 3-1 

1. Photovoltaic System Life-Cycle Cost ........... 3-1 

2. Alternative Power System Life-Cycle Cost > . 3-6 

C. PHOTOVOLTAIC VERSUS ALTERNATIVE POWER SYSTEM 

COST COMPARISON 3-7 

IV. REFERENCES 4-1 


APPENDIXES 


A. PHOTOVOLTAIC SYSTEM SIZING AND COSTING EXAMPLE A-l 

B. ESTIMATION OF LOAD FRACTIONS SUPPLIED BY PHOTOVOLTAIC 

ARRAY AND BATTERY STORAGE B-l 

C. COMPARISON OF SIZING METHODOLOGY WITH ALTERNATIVE 

APPROACHES ...... C-l 


D. AVERAGE DAILY INSOLATION TABLES FOR UNITED STATES SITES ... D-l 


Figures 

1-1. Typical Solar Cell ........ 1-3 

1-2. The Output of a Solar Cell Varies with Changes in the 

Environment: (a) Temperature and Solar Cell Voltage are 

Inversely Related, (b) Irradiance and Solar Cell Current 

are Directly Related . 1-4 

1-3. Photovoltaic Module and Array: (a) Solar Cells Packaged into 

a Photovoltaic Module, (b) Modules are Grouped into an Array 
to Increase Power Output 1-5 

1-4. Stand-Alone Photovoltaic System Configuration to Serve a dc 

Load * 1-5 

1-5. Stand-Alone Photovoltaic System Configuration to Serve 

an ac Load 1-6 

1-6. Clear Sky Array Power Output Profile 1-6 

1-7. Effect of Season and Region on Insolation Level 

(a) Winter, (b) Summer 1-7 



1-8, Insolation Available to the Array Under Clear Sky and Cloudy 

Conditions 1-8 

1- 9. Relative Energy Output at Various Array Tilt Angles ..... 1-9 

2- 1. Sequence of Steps in Sizing a Remote, Stand-Alone 

Photovoltaic System ............. 2-2 

2-2. Photovoltaic System Model Showing Key System Sizing 

Parameters 2-3 

2- 3. Determining Array and Battery Storage Sizing Factors 

(at LOEP =0.1) for Various Worst-Month Insolation Values . . 2-9 

3- 1. Approach for Determining Photovoltaic Power System 

Cost Effectiveness 3-2 

3-2. Life-Cycle Cost Comparison of Photovoltaic System 

(LCCpy ) and Non-Photovoltaic System (LOC^lt) • • • • 3-8 

A-l. Photovoltaic System Sizing Procedure .... .... A-2 

A-2. Detecmining Array and Battery Storage Sizing Factors 

(at LOEP = 0.1) for Various Worst-Month Insolation Values. . . A-6 

A-3. Approach for Determining Photovoltaic System Cost 

Effectiveness A-8 

B-l. Idealized Energy Usage by Time-of-Day for a Given Month . . . B-l 

Tables 

2-1. Example of Method for Determining the Appropriate Insolation 
and Load Combinations for Sizing the Array and Battery 
Storage 2-7 

A-l. Photovoltaic System Sizing Parameters: Relevant Ranges and 

Default Values A-3 

A-2. Monthly Insolation and Example Energy Load Values for 

Three Array Tilt Angles for China Lake, California A-4 

A-3. Photovoltaic System Cost Parameters: Relevant Ranges and 

Default Values A-9 

A-4. Cost Elements. A-10 

C-l. Array and Battery Storage Sizing Comparison C-2 


IX 


SECTION I 


INTRODUCTION 


A. ABOUT THIS DOCUMENT 

1. Purpose 

Photovoltaic (PV) power systems are potentially a cost-effective 
alternative to conventional power sources (e.g., diesel generators, batteries) 
in a variety of remote applications where the operation, maintenance, and fuel 
costs of the conventional sources are high. This document describes a 
photovoltaic system sizing and life-cycle costing methodology that has been 
prepared to assist Federal Government agencies in determining the feasibility 
of using stand-alone photovoltaic systems that can supply either ac or dc 
power to a specified load* In addition, the procedure for determining initial 
capital costs and life-cycle costs can be used to estimate funding require- 
ments for system procurement. 


2. Scope 

The methodology In this report applies to stand-alone fixed 
flat-plate photovoltaic systems (which Include the array, voltage regulator, 
battery storage, and dc-ac Inverter or dc-dc converter) as well as various 
possible alternatives such as battery storage, diesel generators, other 
renewable energy technologies, and extension of the utility grid to the remote 
site. The methodology, therefore, permits a comparison of the economic 
viability of photovoltaics with that of the possible alternatives, thereby 
facilitating final selection of the preferred generating option. 

This document considers only the relative cost effectiveness as a 
selection factor in comparing photovoltaic and its alternatives. Additional 
non-cost-related factors in selecting a power system such as land limitations, 
limitations on noise generation, physical accessibility for maintenance, etc., 
although critical in some applications, are beyond the scope of this document. 

Finally, this methodology applies to flat-plate photovoltaic-only 
systems. It does not address hybrid arrangements that combine photovoltaics 
with another conventional generation mode into a single power system. Sizing 
the various generating elements of a hybrid system can be accomplished only 
after a preliminary trade study to determine the most cost-effective 
configuration for the overall power system, given an intended load. 


3. Organization of the Document 

The remainder of Section I presents a description of photovoltaic 
technology and its application to typical remote loads. In addition, the 
various characteristics of solar Irradiation (i.e., Insolation) are described. 
Special attention is paid to Insolation characteristics that may affect the 
manner in which the photovoltaic system is sized for an intended load. 


Section II covers photovoltaic array and battery storage system sizing. 
Required inverter/converter and voltage regulator sizes are also addressed. 

Once the size calculations have been made, Section III is used to determine the 
life' cycle cost of both the photovoltaic power system and any alternatives 
being considered. A comparison of these life-cycle costs will provide the 
basis for selecting the power ge eration technology most appropriate for a 
given application. 


B. POTENTIAL APPLICATIONS FOR PHOTOVOLTAIC POWER SYSTEMS 

Photovoltaic power systems may be considered potentially viable for a 
number of remote applications. Typical loads that represent current and 
potential near-term photovoltaic applications are listed below: 

(1) Telecommunications. 

Example: radio repeater. 

(2) Navigational aids. 

Examples: beacon, buoy, lighthouse. 

(3) Aviation aids. 

Examples: radar beacon, anemometer. 

(4) Environmental sensors. 

Examples: radiation sampler, noise monitor. 

(5) Intrusion detectors. 

Examples: entry monitor, electric fence. 

(6) Battery charging. 

(7) Lighting. 

(8) Refrigeration. 

Example: medical supplies refrigerator. 

(9) Space conditioning. 

Examples: small cooler, ventilator. 

(10) Water pumping. 

(11) Water purification/desalination. 

(12) Cathodic protection (corrosion protection). 

Examples: transmission tower, bridge, well, pipeline. 


C. PHOTOVOLTAIC POWER SYSTEM DESCRIPTION 

1. The Solar Cell, Module, and Array 

Photovoltaic systems are electrical generating systems based on 
photovoltaic, or soldr, cells (Figure 1-1). The cells convert photons from 
incident sunlight directly into dc electricity. The solar cell typically 


1-2 


I i . f- , 

: VU U * ' »% 


SUNLIGHT 


JUNCTION 



Figure 1-1. Typical Solar Cell 


consists of two different types of semiconductor material, called n-type and 
p-type. Energy carried by the photons frees positive and negative charges 
within the cell material. The junction between the n- and p-type materials 
creates an electric field, causing freed charges to separate across the 
junction and resulting in a voltage across the cell. Electrical contacts 
placed on the p-side and on the n-side of the solar cell allow the current 
generated within the cell to be applied to an external load. 

The amount of electric current generated by a solar cell is primarily 
dependent on the intensity of solar radiation striking its exposed area. The 
open-circuit voltage produced, however, is primarily dependent on the 
temperature of the cell. Voltage and cell temperature are inversely related 
[i.e., an increase in temperature lowers both the output voltage and the 
output power, thereby reducing the cell’s efficiency (Figure 1-2)]. 

Because the power output of a single solar cell is small [approximately 
1 watt for a typical cell (100 cm^, 10% efficient)], a number of cells are 
interconnected in series and parallel and sold as a package called a 
photovoltaic module (Figure l-3a). These, in turn, can be wired together into 
an array (Figure l-3b) to generate the amount of power required by the 
application. 


2. The Photovoltaic System 

A practical stand-alone photovoltaic power system typically 
requires several elements in addition to the array in order to satisfy the 
intended load. A typical configuration for a dc load is shown in Figure 1-4. 

Battery storage, most commonly involving a lead-acid battery in present 
applications, stores electrical energy produced by the solar array in daytime 
for use during the night or under cloudy conditions. To be considered 
practical for remote applications, a storage battery should have a long life, 
require low maintenance, and be able to survive a number of deep discharge 
cycles with subsequent recharge by the array. 
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(a ) (b) 

Figure 1-2. The Output of a Solar Cell Varies with Changes in the 

Environment: (a) Temperature and Solar Cell Voltage are 

Inversely Related, (b) Irradiance and Solar Cell Current 
are Directly Related 


Another important component of a photovoltaic power system using storage 
is a voltage regulator that controls the output voltage from the array when 
used to charge the battery. The regulator also limits the loss of water that 
would occur from gassing of the battery if it were permitted to become 
overcharged. At night or on cloudy days, a blocking diode (see Figure 1-4) 
prevents the electrical energy stored within the battery from discharging 
through the voltage regulator or the array. 

A system serving a dc load may require a dc-dc converter to match the 
system output voltage to the rated voltage of the load. 

Some photovoltaic ap$ iications do not necessarily require battery 
storage. An example of this is water pumping, which needs only a photovoltaic 
array, a water pump, a water storage tank, and minimum power regulation. In 
this case, water is pumped into the storage tank during sunlight hours. The 
storage tank then acts as a reservoir, providing water during non-sunny 
periods. 
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Figure 1-3. Photovoltaic Module and Array: (a) Solar Cells Packard 

into a Photovoltaic Module, (b) Modules are Grouped •' an 
Array to Increase Power Output 



Figure 1-4. Stand-Alone Photovoltaic System Configuration to Serve a dc Load 


Other applications may require power conditioning to provide the 
required power characteristics to an ac load. In this case, an inverter is 
used to convert the dc voltage from the array into an ac voltage (Figure 1-5). 


3. Insolation Characteristics and Their Effect on System Sizing 

Array and battery storage size requirements to adequately serve 
the load energy requirement ultimately depend on the amount of insolation at 
the location of the site. Since the amount of energy received from the sun 
will depend on location, season, weather, and array orientation, it is 
essential to account for these factors in sizing the system. Furthermore, 
since the intended load may also vary seasonally, sizing will normally retire 
a systematic accounting approach to ensure that sufficient solar energy will 
be captured by the array to achieve acceptable system reliability throughovt 
the year. 
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Figure 1-5. Stand-Alone Photovoltaic System Configuration 
to Serve an ac Load 


Insolation characteristics important for sizing photovoltaic system 
components include the following: diurnal variation, regional and seasonal 

variability, weather, and array orientation relative to the direction of the 
sun. These characteristics are described below: 

(1) D iurnal Variation . The most important characteristic of 
insolation is its diurnal pattern. The expected power available 
to a fixed flat-plate array over a 24-hour period under clear sky 
conditions will follow a curve similar to that in Figure 1-6. Any 
load that does not closely approximate this power output profile, 
or accommodate deviations from it, will necessitate battery 
storage or other backup to the photovoltaic system. 

(2) Regional and Seasonal Variability . A second major factor in sizing 
the system is the regional and seasonal variability in insolation. 
Figure l-7a shows the total insolation on a fixed collector tilted 
at latitude during the winter in the contiguous United States. 

Note that the insolation in kWh/m^-day varies by up to a factor 

of 2.5, depending on region. Also, note in Figure l-7b the manner 
in which the total insolation differs between winter and summer 
for a given location. The summer-to-winter difference in 
insolation in prime locations such as the northern portions of 
California and Nevada, for example, is seen to be a factor of 
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Figure 1-6. Clear Sky Array Power Output Profile 
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between 1.5:1 and 2:1. These differences must be identified and 
allowed for in order to correctly size a system for a given load 
and location. 

As noted previously, these variations will require that the sizing 
method accounts for these differences to ensure that the solar 
energy incident on the array is sufficient to serve the planned 
load during all months of the year. 

(3) Weather . Cloudy weather will considerably reduce the amount of 
insolation and, thus, the output from the photovoltaic system (see 
Figure 1-8). (The output typically will not drop to zero since 
flat-plate systems generate power roughly in proportion to the 
amount of light falling on the surface of the photovoltaic 
cells.) Since cloudy weather can occasionally persist for several 
days in any location, photovoltaic systems serving most loads will 
require storage or other electrical backup to ensure reliable 
power. In sizing a photovoltaic system, the amount of storage is 
primarily determined by the probable amount of cloudy weather at a 
given site during the worst month of the year. The method for 
sizing the battery storage in Section II. C. 6 is based on estimates 
of this probability derived from historical weather records. 
Although previous weather history is not a perfect predictor of 
future weather patterns, it does serve as a useful guideline for 
estimating photovoltaic system requirements. 

(4) Orientation of the Array . Since there are seasonal differences in 
tb.r) daily path of the sun across the sky, the amount of solar 
energy striking a fixed array will vary seasonally according to 
its orientation. Note that these effects are due only to annual 
changes in sun angle and are distinct from typical seasonal 


Z 

> 2 

mmtm Uaa 

So 

“2 



(MID) TIME OF DAY ^ MID ^ 


a CLEAR SKY 


b GENERAL OVERCAST 


c INTERMITTENT CLOUD COVER 

Figure 1-8. Insolation Available to the Array Under Clear Sky 
and Cloudy Conditions 
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changes in insolation due to changing weather patterns. Figure 1-9 
illustrates the effect of array tilt on power output.* In this 
figure, array outputs are normalized and appear as fractions of 
the output from an array at latitude tilt. 

Under typical weather conditions, the maximum annual energy output 
from a fixed array occurs when the array is tilted at an angle 
equal to the latitude where it is sited. However, if the load 
varies seasonally, latitude tilt may not be the most cost-effective 
angle for the array; i.e., the smallest array size that satisfies 
the load. The method for selecting the correct tilt angle for 
sizing purposes will be described under II. C. 3, Calculate 
"Worst-Month" Insolation and Load. 



TIME OF YEAR 


Figure 1-9. Relative Energy Output at Various Array Tilt Angles. 
(Adapted From Reference 2) 


* Array tilt is measured from the horizontal. In the northern hemisphere, the 
array faces toward the, south; in the southern hemisphere, it faces toward the 
north. 
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SECTION II 


SYSTEM SIZING 


A. RATIONALE 

The term "sizing," as it is used in this document, means estimating the 
required size or capacity of all major photovoltaic system elements so that 
the system will be able to satisfactorily serve the intended load. 2 The 
sizing methodology described in this section is based on a target level of 
photovoltaic system reliability that is equivalent to conventional diesel or 
battery alternatives. The size estimates obtained by this methodology are 
used to cost the system according to the method described in Section III. The 
cost estimates, in turn, are compared with estimates for other possible power 
generating options in order to determine whether selection of a photovoltaic 
power system is justified on a comparative life-cycle cost basis. 

The sizing methodology is restricted to stand-alone systems serving 
either ac or dc loads. If the application Involves both ac and dc loads, the 
method may be applied by sizing the system for the ac and dc loads separately 
and then combining the results. This methodology is intended primarily to 
treat photovoltaic systems with storage since the majority of remote load 
applications will require at least part of their total energy needs at night 
or during cloudy day periods of reduced system output. Some applications, 
however, do not require regular power availability and may be served 
adequately by photovoltaic systems without battery storage capabilities. The 
primary example of this kind of application is a water pumping system in which 
water to serve periods of low pump output is stored in a reservoir or storage 
tank. The methodology will also address applications of this kind. 

The required sequence of steps in the sizing methodology to be described 
is summarized in Figure 2-1. 


B. SUMMARY OF THE PHOTOVOLTAIC SYSTEM SIZING METHODOLOGY 

Figure 2-2 schematically depicts a photovoltaic system serving a load. 
This simple representation illustrates the key factors involved in system 
sizing. Radiant energy from the sun, or insolation (I) is converted to dc 
electrical energy by the array at a conversion efficiency e a . A fraction of 
the load energy, f a , may be received from the dc array output through an 
inverter if the load is ac, or directly if the load is dc. A dc-dc converter 
is used if the load operates at a dc voltage above that produced by the array 
configuration. The remaining load fraction, f^, is received from the 
storage batteries that are periodically recharged by the array during periods 
when array output exceeds the load requirements. Conversion efficiencies for 
the voltage regulator, battery, and inverter or converter are e vr , e^, and 


2 Major system elements include the array, voltage regulator, battery storage, 
and dc-ac inverter or dc-dc converter. 
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Figure 2-2. Photovoltaic System Model Showing Key System Sizing Parameters 


e i/ c > respectively .3 As appropriate, these terms should be used in system 
sizing to account for losses occurring in these system elements during system 
operation . 

The steps in the sizing methodology shown in Figure 2-1 are summarized 
below (complete details of the sizing procedure are presented in 
Section II.C.): 

(1) Calculate the Load . The average daily energy load in 
kilowatt-hours is calculated for each month of the year. In the 
simplest case, a single load element draws constant power at all 
times. If several load elements are present, the individual 
elements must be summed. If the load totals vary from day to day, 
an average daily load over each month of the year will be required. 

(2) Determine the Local Insolation . The appropriate amount of input 
energy (i.e., insolation, I) to the photovoltaic system at the 
application site may be obtained from tables in Appendix D for 
various array tilt angles. As insolation values will vary from 
month to month, average daily values for all months are included 
in the tables. 


•^In cases where neither an inverter or converter is required by the system, 
the ei/ c term in the sizing calculations is equal to 1.0 (i.e., no conversion 
losses). Similarly, if no storage is required, both e vr and e^, are set 
equal to 1.0. 
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( 3 ) 


Calculate "Worst-Month" Insolation and Load Values , The sizing 
approach requires identification of the load and insolation values 
expected during the "worst month" of the year. This is done by 
constructing a table of average insolation and load values for 
each month of the year and then determining the month with the 
lowest ratio of insolation to load. The insolation and load 
values for the selected worst month are used in subsequent steps 
to calculate required array size and battery storage capacity. 

(4) Determine Array and Battery Storage Sizing Factors . The approach 
used in the methodology to size the array and storage is to apply 
previously determined "sizing factors" in the array and storage 
calculations in order to scale the system to achieve a desired 
level of autonomy (i.e., availability). These factors are 
displayed in a nomograph to facilitate selection of the 
appropriate sizing factor values for use in subsequent array and 
battery size calculations.^ 

(a) In some sizing applications, the user may specify the level 
of system autonomy by placing a requirement on the number of 
sunless days during which the system must be able to satisfy 
the intended load. The sizing method in this document may 
also be applied in that case. 

(b) Estimate the load fractions supplied by the array and 
battery storage. Since energy supplied by the array 
directly to the load suffers less power loss than that 
passing through the battery storage, the fraction flowing to 
the load by each pathway should be estimated. In cases 
where these estimates are especially difficult to make, the 
user may follow a conservative sizing approach by letting 
the fraction from the array equal zero and the fraction from 
the battery equal one. 

(5) Calculate Array Power and Area . Calculating array size means 
calculating both its required peak power output in watts and its 
corresponding area in square meters. The array sizing 
calculations incorporate the worst-month load, array sizing factor 
based on the worst-month insolation, efficiencies of all major 
system elements, and a term to account for long-term array 
degradation. 

A modification of the sizing methodology may be applied to certain 
specialized applications that require no battery storage to back 
up the photovoltaic array, such as the case of pumping water to a 
storage reservoir. 

(6) Calculate Battery Storage Size . Calculating battery storage size 
requires scaling the storage to supply the daily energy load for a 
sufficient period of time to assure that the photovoltaic system 
meets the load requirements at least 96 to 98% of the time (or 


4 


This approach has been adapted from Reference 
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equivalently, a 0.1 "loss of energy probability" (LOEP) during the 
worst month of the year). Alternatively, the storage can be sized 
to supply the load for a specified number of sunless days. In 
either case, the actual rated capacity is adjusted to ensure 
battery operation within acceptable depth of discharge limits. 

(7) Calculate the Voltage Regulator Size . The battery charging 
voltage regulator is sized to handle the maximum amount of array 
output power (dc) that is not being used to supply the load. For 
conservatism, this will be considered to be the full rated peak 
array output power to account for situations in which the load has 
been disconnected. 

(8) Calculate the Inverter/Converter Size . The inverter or converter, 
if either is required, is rated according to its output capacity 
in watts or kilowatts ac or dc, respectively. These units are 
sized to match or exceed the maximum steady state load power 
requirement (or maximum surge current for inductive loads) 
occurring at any time during the expected system life. 

The remainder of Section IX describes the sizing procedure in detail. 


C. PHOTOVOLTAIC SYSTEM SIZING PROCEDURE 

This section describes the procedure for sizing the photovoltaic system 
using the steps identified in Figure 2-1. An example implementation of this 
procedure, along with sample data, is shown in Appendix A. The associated 
life-cycle cost analysis procedure is described in Section III. 


1. Calculate the Load 

Sizing the photovoltaic system first requires a calculation of the 
average daily energy load for each month of the year. The daily energy load 
for a single device or element is calculated as the power it draws in 
kilowatts times the number of hours that it is in service during every 24-hour 
period. If more than one load element is to be served, the total daily energy 
load is obtained by summing the individual loads as shown in Equation (l). 


L td ■ £ P iV 1000 

1=1 

where 

L t d = total daily energy load in kilowatt-hours per day 
P^ = power drawn by load element i while it is in service, in watts 
Dj[ = amount of time per day in hours that load element i is in service 
n = number of separate load elements 
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For loads that vary from day to day, an average daily load is calculated 
for each month of the year. An average daily load for a given month is the 
sum of all dally loads divided by the number of days in the month. 5 if the 
load consists of both ac and dc elements, the load calculations and subsequent 
system sizing procedures should be applied separately to the ac and dc loads. 
The final array and battery sizes are then obtained by summing the separate 
array and battery sizes calculated for the ac and dc elements. 

Note that this assumes that system and load are co-located. If the 
distance from a power source to dc load is increased beyond a few meters, 
resistive wiring losses will begin to become apparent. These losses will 
necessitate a compensating increase in the required system size. If deemed 
significant, the user of this methodology may allow for dc wiring losses by 
increasing the calculated load size served by the photovoltaic system to 
include the i2r power losses calculated for the dc run. 


2. Determine Local Insolation 

Average daily Insolation values for each month of the year must be 
determined for the application site. Appendix D contains insolation values 
for three possible array tilt angles for a variety of United States sites. 
Insolation for United States sites not listed may be estimated by 
interpolation between nearest tabulated values. Other sources may be 
consulted for non-Unlted States locations. Insolation values determined for 
the site will be used in the next step of the sizing methodology. 


3. Calculate "Worst-Month” Insolation and Load 

This methodology requires the remote, stand-alone photovoltaic 
system to be sized to meet the load during the "worst month" of the year. The 
worst month is the one with the smallest ratio of energy falling on the array 
(insolation) to the energy required by the load. If the system is sized to 
meet the load during the worst month, it will automatically be sized 
adequately for all other months. 6 The worst-month insolation and load 
values (i.e., values for which the insolation-load ratio is the smallest) are 
most conveniently identified by setting up a table that lists daily average 
insolation for each month along with daily average load. 


-*If the daily load variation is sufficiently large, or if load peaks 
appear on consecutive days, it may be necessary to use the peak load 
levels in place of monthly averages. Otherwise, the system may be 
inadequately sized to accommodate cloudy periods coinciding with these high 
load periods. 

^System designers will often reduce the required array size and system cost 
by relying on "long term storage" in which energy stored during months of 
high insolation will be held for use during months of low insolation. In 
the present sizing method, the worst-month approach has been adopted to 
provide a somewhat more conservative size estimate. 
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In Table 2-1, the Insolation data (In kWh/m^-day) are those listed in 
Appendix D for China Lake, California; the load data (in kWh/day) were chosen 
arbitrarily to illustrate the procedure. Note that in the table, the load 
data are listed next to insolation data corresponding to three different array 
tilt angles. The sizing procedure uses these insolation-load ratios in order 
to accommodate non-constant insolation and loads over the year. The three 
tilt angles, tilt equal to latitude, latitude +15 deg, and latitude -15 deg, 
will typically bound the range of array orientations required to best match 
the load whether the load is constant year round, winter peaking, or summer 
peaking. Using the tabular approach described below will assure a good 
estimate of the minimum array size necessary to serve the load regardless of 
the annual load pattern. 


Table 2-1. Example of Method for Determining the Appropriate Insolation and 
Load Combinations for Sizing the Array and Battery Storage. 
(Sample Insolation Data are for China Lake, California.) Note 
that the example load is month-dependent, i.e., not constant 
(see text for details). 


Month 

Tilt Angle = 
Latitude -15 deg 

— 

Tilt Angle * 
Latitude 

Insolation (I) 4 
Los X (Ltd) ~ 

Insolation (I) 4 
Load (L t d) = 

January 

3.88 4 2.8 = 1.39 


February 

4.77 4 2.8 = 1.70 

5.13 + 2.8 = 1.83 

March 

6.19 4 2.5 = 2.48 

6.34 * 2.5 = 2.54 

April 

7.33 + 2.5 = 2.93 

7.07 t 2.5 = 2.83 

May 

7.88 v 2.5 = 3.15 

7.26 4 2.5 = 2.90 

June 

8.30 4 2.5 = 3.32 

7.50 -r 2.5 = 3.00 

July 

8.07 4 2.5 = 3.23 

7.43 v 2.5 = 2.97 

August 

8.63 4 2.5 - 3.45 

8.34 -f 2.5 = 3.34 

September 

7.16 2.0 = 3.58 

7.36 4 2.0 - 3.68 

October 

5.88 ~ 2.0 = 2.94 

6.41 + 2.0 - 3.21 

November 


5.17 + 2.0 = 2.59 

December 

1 

4.43 4 2.8 = 1.58 


Tilt Angle = 
Latitude +15 deg 


Insolation (I) + 
Load (Ltd) = 



5.20 + 

6.13 + 
6.46 4 
6.32 4 
6.38 4 
6.45 4 
7.61 4 

7.14 4 
6.57 + 
5.51 4 
4.78 + 


2.8 = 
2.5 = 
2.5 - 
2.5 = 
2.5 = 
2.5 - 
2.5 = 
2.0 = 
2.0 » 
2.0 = 
2.8 = 


1.86 

2.45 

2.58 

2.53 

2.55 

2.58 

3.04 

3.57 

3.29 

2.76 

1.71 
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To determine the worst-month insolation and load values, Table 2-1 is 
applied as follows. In the columns below each tilt angle, enter the 
insolation value for each month as it appears in Appendix D for the 
appropriate application site. To the right of each insolation value, enter 
the calculated daily average load value for each month (see Step 1). The same 
load values should appear in each of the three tilt angle columns. Note that 
in the case of a constant, year-round load, all load values in the table will 
be identical. For each pair or insolation ind load values, calculate the 
ratio of insolation to load, as shown. For each tilt angle column, select and 
circle the smallest resulting ratio. There may be duplicate values in one or 
more columns. Next, select the largest of the circled values. This value is 
indicated by This value is a best estimate of the worst-month insolation/ 

load ratio for the example application. Insolation and load values obtained 
in this manner are used in the following sizing steps. In Table 2-1, these 
values appear in boxes. Note that in this example, the array tilt angle 
selected is latitude +15 deg, denoting the choice that the array is oriented 
to serve a winter peaking load. 


4. Determine Array and Battery Storage Sizing Factors 

The next step in the sizing procedure is to determine the factors 
for array and battery sizing to be used in subsequent calculations of the 
actual array size and battery storage capacity. ? These factors have been 
derived from prior analyses of how the photovoltaic system loss of energy 
probability (LOEP) depends on array and battery size for a range of possible 
worst-month insolation levels (Reference 4).® By determining the required 
size of array and battery storage per unit of load, dependent on the 
worst-month insolation, the proper array and battery sizes can then be 
calculated using insolation and load values determined in Step 3, above. 

This probability value is the "worst-month LOEP;" i.e., the probability 
that the system will be unable to meet load requirements during the month 
having the smallest insolation/load ratio. The methodology in this document 
is based on a worst-month LOEP value of 0,1. This LOEP value for the worst 
insolation month corresponds to a monthly average LOEP of approximately 
0.02-0.04. This value will provide a service availability roughly equivalent 
to that of conventional competitor power systems such as diesel, etc. If 
comparing photovoltaic to other renewable energy systems, an equivalent 
availability analysis is required for the other technologies. Reference 3 
also presents results for LOEP values of 0.01 and 0.001; i.e., higher system 
availabilities. (Generalized approaches are described in References 4 and 5 
which allow sizing the system to any LOEP value that may be required by the 
specific application.) It should be noted that the LOEP is based on the 
characteristics of insolation only and does not take into account photovoltaic 
equipment reliability. 


7 Adapted from Reference 3. 

®The loss of energy probability is an estimate of the probability that 
during a given time period, the energy output of the power system will be 
insufficient to meet the energy load demand. 
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BATTERY STORAGE SIZING FACTOR, S b (DAYS) 

Figure 2-3. Determining Array and Battery Storage Sizing Factors 
(at LOEP * 0.1) for Various Worst-Month Insolation 
Values. (Adapted from Reference 3) 


The sizing factors for the array and battery storage appear in 
Figure 2-3 in the form of a nomograph. In the nomograph, the solid curves 
each correspond to an insolation value marked. Each solid curve shows the 
relationship between the array sizing facior, S a , and the battery storage 
sizing factor, S^, for that insolation value. S a and S], values to be 
used in subsequent array sizing calculations are selected by first choosing 
the solid curve whose worst-month insolation value equals that found by the 
method in Step 3. Interpolation may be used to obtain more precise results. 

A trial point on the selected solid curve is chosen next: the point of 
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intersection of the dashed line with the solid curve is the best initial 
choice. (The significance of the dashed line will be discussed below.) The 
array sizing factor, S a , Is found by extending a horizontal line from that 
point on the curve to the scale on the left of the nomograph. Similarly, the 
battery sizing factor, is found by extending a vertical line down from 
the same point on the solid curve to the scale at the bottom of the nomograph. 

An example is shown in Figure 2-3 for the case in which the worst-month 
insolation *4.6 (see Table 2-1). Any point on a given insolation cu’-ve will 
result in a worst-month LOEP exactly equal to 0.1. Different points on the 
insolation curve, however, will result in different combinations of array and 
battery sizes. For example, selecting a point on the solid curve farther to 
the left will result in a system with larger array and smaller battery 
storage, although it will still provide the same level of power availability 
(i.e, the same LOEP). 

System capital cost will vary for different battery and array size 
combinations. For this reason, a dashed line intersecting the solid curves 
also appears in the nomograph. The intersection of the dashed line with the 
relevant insolation level defines the sizing factors that lead to lowest 
photovoltaic system capital costs for each insolation curve as derived from 
earlier photovoltaic component cost experience in remote, stand-alone system 
applications (Reference 3). The dashed line may thus be used as a guide for 
the initial selection of sizing factor values. 

It should be recognized, however, that use of this dashed curve will not 
necessarily result in a lowest life-cycle cost estimate since it is based only 
on initial system capital costs. Other life-cycle cost factors such as 
operation, maintenance, and various financial parameters, have not been 
incorporated into the nomograph. Furthermore, since photovoltaic array costs 
are expected to decline in the future more rapidly than battery costs, the 
lowest capital cost system configuration Is likely to be determined from 
points on the curves to the left of the present dashed line. The recommended 
approach in using this methodology is to initially select the point of 
intersection of the dashed line and the so] 1 line nearest the worst-month 
insolation for the site. After determining the corresponding S a and 
values and calculating the array and battery storage sizes, the life-cycle 
cost should be computed according to the procedure in Section III. If it is 
found in this Initial cost estimate that the photovoltaic system appears less 
economical than its competitors, additional array/battery size combinations 
should be examined. In this case, points on the solid curve to the left and 
right of the original point are chosen, corresponding array and storage sizes 
are calculated, and new life-cycle costs estimated. This process may be 
repeated until an approximate lowest (i.e., local optimum) life-cycle cost is 
obtained . 


a. Determine Sizing Factors for a Specified Number of Sunless Days . 

A photovoltaic system will frequently have to be sized under the condition 
that the system must be able to serve the load for a specified number of 
consecutive sunless days (or days of autonomy). The nomograph in Figure 2-3 
may also be applied in these circumstances, but its use is somewhat different. 
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In this case, the specified number of sunless days is simply used as the 
battery sizing factor, Sb- The user is cautioned that the chosen Sj, must 
be at least as large as the displayed in Figure 2-3 to ensure adequate 
power to serve the load and recharge batteries at the stated level of 
reliability (i.e., LOEP * 0.1). From the point on the scale in Figure 2-3 
where is equal to the number of sunless days, a vertical line is drawn to 
intersect the solid curve whose value is closest to the appropriate 
worst-month insolation. From this intersection point, a line drawn left to 
the S a scale determines the proper value of S a . Sizing the system 
according to a specified number of sunless days generally will not yield the 
lowest capital-cost system having a given LOEP. However, specialized 
requirements of the application (e.g t , very high reliability requirements as 
in the case of microwave repeaters) will sometimes dictate this approach. 


b . Estimate Load Fractions Supplied by the Array and Storage . The 
energy load fraction supplied by the array, f a , is that portion of the load 
energy that flows directly from the array, via an inverter or converter if one 
is used. The fraction fj, is tha portion of the load supplied from battery 
storage. By definition, f a + f^ = 1 . Energy that flows from the array 
through battery storage is subjected to greater losses than that flowing 
directly from array to load. Therefore, the relative sizes of f a and f^ 
will affect the required size of the array. 

The equation to be used to calculate the array size in this methodology 
(Equation (2)) contains the load fractions f a and f^. However, precise 
calculation of the load fractions is difficult due to varying photovoltaic 
output by time of day and can be additionally complicated for complex or 
irregular load profiles. A means of estimating these fractions is described 
in Appendix B. The user may prefer to use the simplifying assumption that all 
of the array energy passes through the battery storage before passing to the 
load; i.e., letting f a = 0 and f ^ = 1 . This is a conservative approach 
that tends to overestimate the system size since in most applications the load 
in part is supplied directly from the array, thus avoiding storage losses. 

For today's component efficiencies, the degree of oversizing will range from 
0 to 25%, respectively, for the case of a nighttime-only load and the case in 
which load and array output are perfectly matched. The degree of oversizing 
for a constant, 24-hours/day load is typically less than 10%. 


5. Calculate Array Power and Area 

Calculating the array size means calculating both its peak power 
output in watts and its area in square meters. Both results are required for 
system costing. 

The array size calculation requires the worst-month load value, L tc j 
(determined in step 3), the array sizing factor, S a (found from Figure 2-3), 
and the load fractions f a and f^. Also, the efficiencies of the storage 
batteries, voltage regulator, and inverter or converter are required. Typical 
values of the:3e efficiencies appearing in Appendix A may be used in case they 
are not otherwise available. Finally, a factor, F, will be included in the 
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army calculation to account for array degradation over the lifetime of the 
system. This factor initially oversizes the array slightly to ensure that the 
system will meet load requirements until the end of its design life despite 
gradual array power output degradation. 

The required array power is now calculated from Equation (2). 


P 

a 


L , x 1000 
td 


S x F x e . * [f , (e x e, ) + f ] 
a 1/c 1 b vr b a J 


( 2 ) 


where 

P a = array power in watts 

L t( j = energy load value in kilowatt-hours/day 

S a = array sizing factor in kilowatt-hours per square 
meter per day 

&i/ c a inverter or converter efficiency at maximum steady state load, if 
used; otherwise, e±/ c ~ 1 

F - factor to account for array degradation over the system lifetime 
e vr = efficiency of voltage regulator if used; otherwise, e vr = 1 
ej, = battery efficiency 

f a = fraction of load energy supplied directly by the array 
fb = fraction of the load energy supplied from battery storage 

1000 a 1000 watts/m2; a term to convert S~ into an equivalent number 
of hours per day that 1000 watts/m2 insolation would be 
received by the array 

This equation may also be applied to systems without storage. As in the 
case with storage, the array output energy on an average daily basis must 
match the average daily load energy requirements. Equation (2) can be applied 
by setting fj, = 0, f a = 1, e^ = 1, and S a - the worst-month insolation 
value. Note that in this case the LOEP of the photovoltaic system has not 
been estimated; thus, this case departs from the comparable-reliability sizing 
approach that underlies the ba^/mce of the document. 
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Array area is based on the array power level determined in Equation (2) 
and is shown in Equation (3) below: 


A * 
a 


P 

a 

e [1 + P__ (T - 28°C) ) x 1000 
m 1 TC ' op 


(3) 


where 

A a = array area in square meters 

P a = array power in watts obtained from Equation (2) 

e m = module efficiency at standard test conditions (STC) 

Pl«C ~ module temperature coefficient; typically ** -0.005/C 0 

T op = actual module operating temperature in degrees Celsius. For 

temperate climates, use the nominal operating cell temperature 
(800 mW/cm^, 20°C ambient, 1 m/s wind speed, 1.5 air mass) 
(NOCT). For hot climates (peak summer temperature over 110 to 
115°F) , use NOCT +10°C 

1000 = 1000 W/m^ at standard test conditions 


6. Calculate Battery Storage Size 

The next step in sizing the system is to calculate the required 
size of the battery storage in kilowatt-hours. Battery storage size is based 
on S^ from Figure 2-3 (or on a prior specification of the number of sunless 
days) and an allowance for the "depth of discharge" limit on the batteries. 
Operating within this limit prolongs battery life and protects the batteries 
in applications subject to freezing temperatures. Calculating the required 
battery capacity also requires the worst-month load value previously used in 
the array sizing equations. Finally, the inverter or converter efficiency 
used to calculate storage size is the same value used for the array 
calculation. 

The required battery storage size is calculated using Equation (4). 


_ L td * s b 

b d X e l/c 


(4) 


Efc = rated battery energy storage in kWh 
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where 


Ltd = worst-month average daily load value in kWh/day 
(see Step 3) 

Sjj = battery sizing factor in days 
d - maximum allowable depth of discharge 

e i/c = efficiency of the inverter or converter. If neither is 
used, e£/ c = 1 

7. Determine Voltage Regulator Size 

The battery charging voltage regulator is sized to handle the 
maximum amount of array output power likely to be available for charging the 
batteries. For conservatism, the regulator [or battery protector as it is 
known for small systems (<3 kW)] must be able to handle the array output at 
noon on a cold, clear day with the load disconnected. The voltage regulator 
is therefore sized to match array output at standard test conditions 
(1 kW/m 2 , 28°C cell temperature). 


8. Determine Inverter or Converter Size 

The inverter or converter typically is sized according to the 
maximum steady-state load power requirement in watts, ac or dc , respectively. 
However, if the photovoltaic system is to be used to power an inductive load, 
the inverter must be able to supply the full surge current required by the 
load. In the case of an induction motor, the starting current can be as large 
as 4 to 5 times the rated motor requirements. 


SECTION III 


SYSTEM COST ANALYSIS 


A. SCOPE 

Cost effectiveness is the primary criterion for evaluation of candidate 
photovoltaic system applications. This section presents the life-cycle 
costing methodology to be used for determining photovoltaic system cost 
effectiveness. The methodology is intended primarily for estimating the 
viability of a photovoltaic power system compared to a non-photovoltaic power 
alternative, rather than precise energy cost estimation. Furthermore, it is 
solely intended for use by Government agencies since use by private entities 
would involve additional considerations such as the effect of taxes. 


B. COST ANALYSIS METHODOLOGY 

To determine whether a photovoltaic system is cost effective in a given 
application, the life-cycle cost of the photovoltaic system should be compared 
to the life-cycle cost of the alternative power system such as diesel 
generator, batteries, utility grid connection, or renewable energy technologies 
(see Figure 3-1). For the purpose of this comparison, the capabilities of 
satisfying load (i.e., availability) of all power systems being evaluated are 
assumed to be identical. The sizing analysis in Section II has been designed 
to ensure that photovoltaic system performance is adequate to satisfy the 
specified load. 


1. Photovoltaic System Life-Cycle Cost 

Photovoltaic power system life-cycle cost is estimated from the 
initial cost of the system installed at the site and the present value of all 
recurrent costs associated with system operation. Photovoltaic systems are 
typically capital intensive (i.e., they require a large initial capital 
expenditure), but have low operating costs (i.e., zero fuel cost and small 
expenditures for replacement, operation, and maintenance). The sum of capital 
and recurrent expenditures represents the equivalent amount of money required 
at the time of system installation to completely cover all costs associated 
with the photovoltaic system, including a return on the investment, over its 
operating lifetime. ^ Life-cycle cost of the alternative to a photovoltaic 
system similarly combines the associated first cost and operating cost for 
comparison with the photovoltaic option. 


^The "lifetime" of a photovoltaic, or any other power system, may be 
interpreted as the "financial lifetime" for the purposes of a life-cycle cost 
analysis. As such, the photovoltaic system operating lifetime provides a 
guideline, but not a constraint, on the lifetime chosen for the life-cycle 
cost analysis. Equal lifetimes must be chosen between competing technologies 
in the cost analysis described in this document. 
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Figure 3-1. Approach for Determining Photovoltaic Power System 
Cost Effectiveness 


The initial cost of a photovoltaic system can be determined from the co 
of the array (in $/W); power-related balance-of-system cost [i.e., battery 
storage in $/kWh; voltage regulator in $/W regulator input power, and inverte 
(or converter) costs in $/W ac (or dc)]; area-related balance-of-system costs 
(i.e., structures and wiring costs in $/m^ of array); system installation and 
testing cost in percent of equipment cost, and any indirect costs (i.e., 
engineering and management fees, delivery, and contingency) in percent of 
equipment cost. Equation (5a) describes the analytical relationships and 
Equation (5b) displays the detailed procedure for estimating initial installe 
photovoltaic system cost (IC). 


3-2 











Initial cost = [1 + indirect (%) + installation (%)] 


x [delivered equipment cost ($)] 


(5a) 


IC = (1 + IND + INST) [(MOD x P a ) + (ABOS x A a ) + (CONV x W DC ) 

+ (INV x W AC ) + (REG x W*) + (BAT x BWh)] (5b) 


where 


IND = fractional indirect costs on equipment including engineering, 
management, and contingency fees 

INST = fractional cost on equipment for installation, site preparation, 
testing, and checkout cost of the system 

MOD = module cost in dollars per peak watt of array 

P a = peak watts of solar array (dc) 

ABOS * area-related balance-of-system cost per square meter of array 

including cost of array structure, land, wiring, connectors, etc. 

A a * array area in square meters 

CONV = converter cost per peak watt (dc) 

Wdc = rated size of converter in peak watts (dc) 

INV = inverter cost per peak watt (ac) 

Wag = rated size of the inverter in peak watts (ac). If more than one 
inverter is used, sum the peak watts of each. If commercially 
available inverters do not match the load requirement exactly, 
select the smallest unit sufficiently large to satisfy the load 

REG = voltage regulator cost per peak watt (dc) of maximum regulator 
input power. (Note that cost may vary as a function of input 
voltage level) 

W* = maximum voltage regulator input power 
BAT = battery cost per kilowatt-hour of energy storage 
BWh = battery storage size in kilowatt-hours 


Equipment cost estimates are assumed to include delivery to the 
All dollar amounts should be expressed in the same "base year" (e.g., 


site . 
1984) for 


consistency. Current dollar cost estimates based on prior year information 
will need to be escalated to the appropriate "base-year" level. 

In addition to the initial installed system cost described above, 
recurrent costs associated with photovoltaic system operations are to be 
included in the estimation of life-cycle cost. Estimates of operation, 
maintenance, and replacement costs are based on hardware performance 
characteristics and system operating strategy. Expenditures are primarily for 
battery replacement (if battery storage is included in the system design) and 
array, inverter or converter, and battery operation and maintenance. The 
photovoltaic system operating strategy (e.g., the system may or may not be 
required to operate autonomously for a prolonged period of time) will affect 
both the initial system cost and the recurrent costs. 

Battery lifetimes are typically between 5 to 10 years depending on 
manufacturer-specific battery characteristics, number of discharge cycles, 
design depth of discharge, and operating temperature. In contrast, the 
anticipated life of a photovoltaic array is estimated to be about 30 years. 
Battery replacement at regular intervals are, therefore, required throughout 
the operating lifetime of the photovoltaic array. The cost for each 
replacement of storage batteries (BR) is shown in Equation (6): 


BR = (BAT x BWh) (1 - SV) + LREP 


( 6 ) 


where 


BAT X BWh = delivered cost of batteries from Equation (5b) 

SV = fractional salvage value of batteries at time of 
replacement 

LREP = labor cost of battery replacement (in base-year dollars) 

Salvage value of the batteries is typically based on prices in the scrap 
metal market (e.g., for lead or nickel) at the time of replacement. The 
present value of the sura of all battery replacements (RPV) over the 
photovoltaic system lifetime, escalated and discounted to account for the 
timing of the expenditure, is estimated using Equation (7) as follows: 


RPV 



x k 


(7) 


where 

j = counter for number of battery replacements (1, nrep) 
k = battery lifetime (years) 
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j x k ■ constrained to be strictly less than photovoltaic system 

lifetime or lifetime used in life-cycle cost analysis (years) 

BR ■ single- time battery replacement cost from Equation (6) 
in base-year dollars 

escb ■ real (above inflation) annual escalation rate for storage 
batteries (fraction) 

dr ■ discount rate (cost of money to system owner, typically defined 
as 10% (real) for Government applications) 


Expenditures for replacement of capital equipment (other than batteries) 
with lifetimes shorter than the assumed photovoltaic system lifetime can also 
be determined using Equation (7), appropriately modified to reflect their cost 
and timing. For the purpose of this document, such replacements are 
considered minimal and are incorporated in the annual operation and 
maintenance cost equation described below. 

Regular operation and maintenance costs can be estimated on an annual , 
cost basis. These costs include expenditures for activities such as array, 
battery, and inverter maintenance; component replacements (other than 
batteries); and grounds, structural and electrical upkeep. Annual operation 
and maintenance costs (OM) can be estimated on the basis of the number of 
required visits to the site per year times the cost per trip in base-year 
dollars. A heuristic frequently used to estimate annual operation and 
maintenance expenditures is to assume that annual expenses are a fixed 
percentage of the initial cost of equipment. The present value of the cost of 
operation and maintenance procedures is the derived annual amount summed over 
the system lifetime, including any real escalation and discounting of 
expenditures over time. Annual expenditures are, therefore, growing in dollar 
amount at the constant rate of real escalation, if any. Present value of 
operation and maintenance cost (OMPV) is presented in Equation (8) as follows: 


or 


OMPV 



if dr ^ esc 

om 


( 8 ) 


OMPV = OM x N, if dr = esc om 


where 


OM = annual operation and maintenance cost in base year dollars 

esc om = real (above inflation) annual escalation rate for operation 
and maintenance activities (fraction), typically 0% 
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dr = real discount rate (fraction); typically 10% 
N * system lifetime (years) 


Photovoltaic system life-cycle cost (LCC) can now be determined from its 
constituent parts described above. Life-cycle cost is displayed in Equation (9) 
as the sum of the initial installed system cost, Equation (5) and the present 
value of recurrent costs, Equation (7) plus Equation (8). 


LCC = IC + RPV + OMPV 


(9) 


All costs are in base year dollars. Typical values for parameters in 
Equation (5b) are presented in an example in Appendix A. As a guide for 
photovoltaic system cost analysis, initial installed system costs (IC) 
presently range from approximately $17 to $25/watt. 


2. Alternative Power System Life-Cycle Cost 

Photovoltaic system cost effectiveness is determined by comparison 
of the photovoltaic system life-cycle cost with che life-cycle cost of the 
competing energy technology. For a given application, photovoltaics may be 
competing with fossil fuel, battery, utility grid, or other renewable energy 
alternatives. In this section of the report, the cost of alternative 
technologies to photovoltaics are characterized. Section III.B.3 selects the 
least-cost non-photovoltaic alternative as the basis for the cost- 
competitiveness assessment. 

Small stand-alone photovoltaic systems are potentially competitive with 
a number of alternatives including diesel generators, batteries, extension of 
a distant utility grid, and other current solar technologies. The life-cycle 
cost estimated for each alternative is consistent with the photovoltaic cost 
approach shown in Equation (9). Initial installed costs (IC), present value 
of capital replacements over the system lifetime (RPV) , and present value of 
operation and maintenance costs (OMPV) are summed to their respective 
life-cycle cost. For the purpose of this analysis, the capability of all 
power systems to satisfy load (i.e,, their availability) is assumed to be 
identical . 

Diesel power generation systems require initial capital expenditure!* for 
diesel generators, a fuel storage system, and installation (IC). Diesel 
generators will require periodic repair, overhaul, and replacement within the 
time frame of the analysis (approximately 20 to 30 years). Recurrent 
maintenance and fuel costs for these types of systems are also of great 
importance. In many remote, stand-alone applications, the cost of fuel, 
labor, transportation and materials can be significant. Estimation of annual 
diesel generator operation and maintenance costs (OM) should be based on 
actual cost data. 
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Initial capital costs for battery systems are estimated in a manner 
similar to the battery cost term in Equation (5b), Bat x BWh , plus the cost of 
associated control equipment, indirect costs, and installation. However, the 
battery system in this case must be sized to satisfy the entire load, 
accounting for system inefficiencies and assumed interval between recharges. 
Battery lifetimes are less than that of photovoltaic systems and thus will 
require replacement at regular time intervals within the assumed 20 to 30 year 
photovoltaic system lifetime. Battery electrical characteristics, cycling 
requirements, depth of discharge, and operating temperature contribute to the 
estimate of battery life. The present value of the cost of replacement is 
calculated as described in Equations (6) and (7). Remaining salvage value of 
used batteries is explicitly taken into account. Operation and maintenance 
costs, Equation (8), include battery inspections, recharge, and equalization 
at regular intervals depending on battery capacity, load being served, and 
depth of discharge. 

Extension of an existing utility grid line can be very expensive for a 
remote application with a relatively small load. The costs for extending grid 
power to a remote site and for the kilowatt-hour meter are treated as initial 
capital costs (IC). Cost estimates for this equipment can be obtained from 
the local utility company. Once the utility line is installed, the primary 
recurrent cost is the cost of energy to serve the load. Current utility rate 
structures provide the basis for this cost over the photovoltaic system 
lifetime (OMPV). Note that in some locations, utility reliability may also be 
a factor in the comparison between photovoltaics and utility-supplied power. 

Life-cycle cost estimates for other renewable energy alternatives 
(non-photovoltaic ) require cost information as described in Equation (9). 
Specific system design and associated cost inputs will need to be developed by 
the organization performing the system comparison. 

In addition to competing with the capital and operating costs associated 
with installing capacity to satisfy a new load is the potential for 
photovoltaics to operate in a fuel-displacement mode for an already existing 
application. Energy cost-intensive technologies in remote areas may provide a 
potentially cost effective use for photovoltaic technology. Though there 
would be no savings for initial capital expenditure on the alternative 
technology, the photovoltaic system would provide savings on operation and 
maintenance cost (OMPV) and, potentially, on delaying capital replacement 
(RPV) of the non-photovoltaic alternative. In this fuel-displacement mode, 
daytime photovoltaic system output can be used to satisfy coincident load. 
Battery storage can be added if it is found to be cost effective in this 
application. Either with or without battery storage, reliability of the 
alternative technology combined with the photovoltaic system would be enhanced. 


C. PHOTOVOLTAIC VERSUS ALTERNATIVE POWER SYSTEM COST COMPARISON 

Photovoltaic system cost competitiveness can be determined by comparison 
with the least-cost non-photovoltaic power system that satisfies all performance 
and reliability requirements. Using the approach displayed in Figure 3-1 (c), 
and repeated in Figure 3-2, the life-cycle cost of the non-photovoltaic system 
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LIFE-CYCLE 


LIFE-CYCLE 


PREFERENCE 

COST OF 


COST OF 


FOR PV OR 

PV SYSTEM 


ALTEPNATIVE 


ALTERNATIVE 

(LCCp V ) 


^ LCC ALT ) 


TO PV 


Figure 3-2. Life-Cycle Cost Comparison of Photovoltaic System (LCCpy) 
and the Non-Photovoltaic System (LCC^i/p) 


(LCC^L-p) is subtracted from the life-cycle cost of the photovoltaic system 
(LCCpy), Three outcomes are possible: 

(1) LCCpy - LCC alt < $0. The photovoltaic system is cost effective 
compared to the alternative system. The absolute value of the 
difference is a first-order measure of the preference for 
photovoltaics . 

(2) LCCpy - LCC alt >$ 0. The photovoltaic system is more expensive 
than the alternative; thus, it is not cost effective. 

(3) LCCpy - LCCalt * $Q » The photovoltaic and alternative systems 
are of equal cost in present value terms . 

This differential cost (or net present value) measure of cost competitiveness 
provides the basis for deciding to pursue or terminate photovoltaic system 
analysis and design activities. If in the initial estimate of photovoltaic 
system life-cycle cost the system is determined not to be cost effective, the 
sizing procedure should be repeated from the estimation of array and battery 
sizing factors (see discussion, Section II-4) . 

If the photovoltaic system is determined to be cost effective (or 
reasonably close to cost effective) for a specific application, it is useful 
to perform a sensitivity analysis on important cost parameters over an 
appropriate range of values. This sensitivity analysis is useful to the 
decision maker since small variations in cost drivers, such as escalation in 
diesel fuel or electricity prices over the system lifetime and the price of 
photovoltaic modules, can significantly alter the relative preference for 
competing power systems. The result of this analysis is an understanding of 
the effect of uncertainty in parameter values on photovoltaic system cost 
effectiveness . 
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APPENDIX A 


PHOTOVOLTAIC SYSTEM SIZING AND COSTING EXAMPLE 


This appendix presents an example of sizing and costing a hypothetical 
photovoltaic system using the methodology described in this report. Estimates 
of currently relevant photovoltaic system parameter values are shown as a 
guide for users of the methodology! A sample comparison of photovoltaic 
system cost effectiveness compared to competing technologies is then presented. 

To illustrate the system sizing procedure, an example is presented based 
on the sample case described in Section II of this reports The application is 
a small, seasonally variable load located near China Lake, California. 
Determination of photovoltaic system size follows the step-by-step procedure 
described in Section II of this document and repeated in Figure A-l. Typical 
values (and ranges) for several o' the photovoltaic system sizing parameters 
are displayed in Table A-l. The cable should be consulted frequently in using 
this appendix for a description of each parameter name. 


Step 1: Calculate Load 


Total daily energy load (L tc j) is determined from Equation (1) as 
follows : 



1 = 1 


P 1 D 1 /1000 


( 1 ) 


It is assumed that each season has a separate, single (n = 1) ac load (P) for 
8 hours/day (D) during daytime hours. The power drawn by the single load i 
for each month is: 

350 watts: December, January, February 

312.5 watts: March, April, May, June, July, August 

250 watts: September, October, November 

The corresponding daily energy load (L t( j) is 2.8 kilowatt-hours, 

2.5 kilowatt-hours } and 2.0 kilowatt-hours, respectively. 


Step 2: Determine Local Insolation 

Appendix D contains the daily average insolation values for each month 
of the year and for three array tilt angles for a number of United States 
sites. Locate the site insolation values for China Lake, California, on 
page D-2. These values will be used in the following step of the methodology. 



PERFORM 
LIFE-CYCLE 
COST ANALYSIS 


Figure / U Photovoltaic System Sizing Procedure 













Table A-l. Photovoltaic System Sizing Parameters: Relevant 

Ranges and Default Values 


Parameter 

Parameter 

Name 

Units 

Range 

Value 

Array area 

A 

a 

2 

m 

— 

a 

Battery depth 
of discharge 

d 

f raction 

0.05-0.80 

0.60 

Load 1 duration 

D i 

hours/day 

— 

b 

Battery efficiency 

e b 

f raction 

0.80-0.90 

0.88 

Inverter /converter 
efficiency 

6 i/c 

f raction 

0.85-0.97 

0.93 

Module efficiency 

e 

m 

f raction 

0.06-0.11 

0.10 

Voltage regulator 
efficiency 

e 

vr 

f raction 

0.85-0.93 

0.91 

Degradation factor 

F 

f raction 

0.75-0.95 

0.85 

Load fraction: array 

f 

a 

f raction 

— 

c 

Load fraction: 
batteries 

f b 

fraction 

— 

c 

Worst-month 

insolation 

I 

kWh/m^-day 

— 

d ,e 

Worst-month load 

L td 

kWh /day 

— 

b,e 

Load i power 
requirement 

p i 

watts 

— 

b 

Array power 
requirement 

P 

a 

watts 

— 

f 

Module temperature 
coefficient 

p 

TC 

fraction/C 0 

-0.005 

-0.005 

Array sizing factor 

S 

a 

kWh/m^-day 

— 

g 

Battery sizing factor 

s b 

days 

— 

g 

Module operating 
temperature 

T 

x op 

oc 

45-55 

48 or 
55h 

a See Equation (3). 
b See Equation (1) . 
c See Appendix B. 

^See Appendix D. 
e See Table 2-1. 
f See Equation (2) . 
8See Figure 2-3. 
^Temperate climate = 

48°C and hot 

climate = 55°C. 
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Step 3: Calculate Worst-Month Insolation and Load 

Construct a table of monthly insolation and load values using the 
information generated from steps 1 and 2. Display them as shown in Table A-2, 
below. (This example is the same as shown in Table 2-1). For each month and 
tilt angle, divide tue insolation value by the load and enter the ratio into 
the table . 

For each tilt angle column shown in Table A-2, identify the month with the 
smallest ratio of insolation-to-load . Next, select the largest one of these 
values (identified by "*")• The insolation (I = 4.6) and load (Ltd = 2.8) 
values corresponding to this particular value are the ones to be used in later 
sizing steps. This allows the system (array and battery) to be sized 
sufficiently large to supply the load for the worst month (i.e., month of 
lowest insolation relative to load) and allows some optimization of array and 


Table A-2. Monthly Insolation and Example Energy Load Values for 
Three Array Tilt Angles for China Lake, California 



Tilt Angle = 
Latitude -15 deg 

Tilt Angle * 
Latitude 

Tilt Angle = 
Latitude +15 deg 

Month 

Insolation (I) - 4 - 
Load (L td ) - 

Insolation (I) 4 - 
Load (Ltd) ** 

Insolation (I) 4 - 
Load (Ltd) * 

January 

3.88 r 2.8 - 1.39 


BbBII 

February 

4.77 t 2.8 * 1.70 

5.13 - 2.8 * 1.83 

5.20 r 2.8 - 1.86 

March 

6.19 t 2.5 - 2.48 

6.34 t 2.5 - 2.54 

6.13 t 2.5 * 2.45 

April 

7.33 t 2.5 - 2.93 

7.07 * 2.5 - 2.83 

6.46 v 2.5 - 2.58 

May 

7.88 t 2.5 « 3.15 

7.26 -f 2.5 - 2.90 

6.32 v 2.5 - 2.53 

June 

8.30 r 2.5 = 3.32 

7.50 -r 2.5 » 3.00 

6.38 + 2.5 * 2.55 

July 

8.07 t 2.5 - 3.23 

7.43 -f 2.5 “ 2.97 

6.45 t 2.5 = 2.58 

August 

8.63 -r 2.5 - 3.45 

8.34 -l- 2.5 - 3.34 

7.61 t 2.5 - 3.04 

September 

7.16 t 2.0 - 3.58 

7.36 t 2.0 - 3.68 

7.14 r 2.0 * 3.57 

October 

5.88 f 2.0 - 2.94 

6.41 -r 2.0 « 3.21 

6.57 f 2.0 - 3.29 

November 

4.53 t 2.0 - 2.27 

5.17 v 2.0 = 2.59 

5.51 v 2.0 “ 2.76 

December 


4.43 4 2.8 » 1.58 

4.78 t 2.8 - 1.71 















battery size as influenced by the potential benefit of varying array tilt 
angle. In this example, the array tilt angle of latitude +15 deg is preferred 
based on January insolation and load conditions. 


Step 4: Determine Array and Storage Sizing Factors 

Using the results from Table A-2, insert the relevant insolation 
value (A. 6 kWh/m^-day) into Figure 2-3 (repeated as Figure A-2). For an 
initial estimate of array and battery sizing factors (S a ) and (S^), 
respectively, locate the intersection of insolation (I) equal to 4,6 and the 
dashed line. The resulting array sizing factor S a is 3.7 and battery sizing 
factor Sjj is 2.4. 

Based on the monthly load and insolation levels, the fraction of the 
load supplied directly by the array (f a ) can be estimated. For this 
example, 50% of the load served directly by the array is predicted (see step 1 
for the assumptions on loads). Therefore, array fraction f a = 0.5 and 
battery fraction f^ = 0.5. 


Step 5: Calculate Array Power and Area 


Array size (P a ) is now calculated using Equation (2) as follows: 


P 

a 


L x 1000 
td 


S x F x e. / [f , (e x e, ) + f ] 
a i/c 1 b N vr b a J 


( 2 ) 


2.8 x 1000 

3.7 x 0.85 x 0.93 [0.5(0.91 x 0.88) + 0.5] 


- 1063 watts 


Array area (A a ) associated with this array size is determined using 
Equation (3) below: 

P 

K - - ^ < 3 > 

a e [1 + V- r (T - 28°C) ] x 1000 
m L TC op J 


1063 

0.10 [1 - 0.005(55 - 28)] x 1000 


1063 

86.5 


= 12.3 m 


2 
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BATTERY STORAGE SIZING FACTOR, S b (DAYS) 

Figure A-2. Determining Array and Battery Storage Sizing Factors 

(at LOEP = 0.1) for Various Worst-Month Insolation Values. 
(Adapted from Reference 3) 


For the purpose of this example, China Lake, California, is considered a 
hot climatic area. Therefore, module operating temperature (T 0 p) reflects 
the high point of the temperature range (55°C) rather than the typical value 
of 48°C (which reflects nominal operating cell temperature (NOCT) at 
8C0 W/m^, 20°C ambient air temperature, and air mass 1.5). 



Step 6: Calculate Battery Storage Capacity 

Battery storage (E^) required for this application is based on the 
average daily load for the worst month of the year (Etd> from step 3), the 
battery sizing factor (Sfo) based on the system reliability chart 
(Figure A-2), battery depth of discharge limit (d), and inverter efficiency 
( e i/c)* These factors are combined in Equation (4) as follows: 


L , x S, 
F - td b 

d " d x e . , 
i/c 


= 2.8 x 2 .4 _ 
0.6 x 0.93 


12.0 kWh 


(4) 


Step 7: Calculate Voltage Regulator Size 

The voltage regulator is sized at the peak array output at standard test 
conditions (1 kW/m^ and 28°C cell temperature) and assumes no load. Voltage 
regulator size is, therefore, 1063 watts. 


Step 8: Calculate Inver ter /Converter Size 

In order to satisfy the peak power requirements of the load, 350 watts 
during the winter months, an inverter size of 350 W ac is required, assuming 
that the load is not inductive. 


Having completed the sample photovoltaic system sizing analysis, the 
estimation of system life-cycle cost follows. As necessary, array and battery 
size refinements may be made so that life-cycle cost is reduced while 
retaining equivalent reliability (see the life-cycle costing iteration step in 
Figure A“l). 

The cost analysis is composed of three parts. First, photovoltaic 
system life-cycle costs are estimated. Second, the cost of alternative energy 
systems in competition with photovoltaics are determined. Finally, the 
alternative energy generation systems are compared on the basis of least 
cost. Figure A-3 displays the procedure. 

Typical values and ranges for the current cost of photovoltaic equipment 
(in 1984 dollars, delivered to the site) and operational attributes (e.g., 
battery lifetime) are presented in Table A-3. Data is based on available 
information for small stand-alone systems, current cost estimates, and catalog 
information (e.g., see Reference 6). The table should also be consulted 
throughout this appendix for a description of each parameter name. 


INITIAL 


OPERATING 


LIFE-CYCLE 

COST OF 

+ 

COST OF 


COST OF 

PV SYSTEM 


PV SYSTEM 


PV SYSTEM 



INITIAL 


OPERATING 


LIFE-CYCLE 

(b) 

COST OF 


COST OF 


COST OF 

ALTERNATIVE 

-L 

ALTERNATIVE 

► 

ALTERNATIVE 


TO PV 


TO PV 


TO PV 


LIFE-CYCLE 
COST OF 
PV SYSTEM 

- 

LIFE-CYCLE 
COST OF 
ALTERNATIVE 
TO PV 

— 

PREFERENCE 
FOR PV OR 
ALTERNATIVE 


Figure A-3. Approach for Determining Photovoltaic System Cost Effectiveness 


Photovoltaic system life-cycle cost is determined in three steps: 
estimation of initial cost, estimation of operating costs, and summation to 
life-cycle cost. These steps are illustrated below: 


Step 1, Estimate Initial Cost of Photovoltaic System 

The initial cost of a photovoltaic system (IC) includes expenditures for 
capital equipment, installation, testing, and any indirect costs as shown in 
Equation (5a) below: 


Initial cost = [1 + indirect (%) + installation (%)] 
x [delivered equipment cost ($)] 
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(5a) 











Table A-3. Photovoltaic System Cost Parameters: 
Relevant Ranges and Default Values 


Parameter 

Parameter 

Name 

Units 

Range 

Value 

Array-related BOS cost 

ABOS 

t/M 2 

20-300 a 

150 

Array area 

A 

a 

M 2 

— 

b 

Battery cost 

BAT 

i/kWh 

50-250 

80 

Battery storage size 

BWh 

kWh 

— 

c 

Converter cost 

CONV 

* /W dc 

0.70-200 

0.80 

Discount rate (real) 

dr 

fraction 

0.10 d 

0.10 

Battery cost escalation 
rate (real) 

esc b 

fraction 

0-0,03 

0 

0M cost escalation 
rate (real) 

esc 

fraction 

0-0.1 

0 

Indirect cost 

om 

IND 

fraction 

0.10-0.25 

0.16 

Installation and 
testing cost 

INST 

fraction 

0.20-0.50 

0.30 

Inverter cost 

INV 

‘/'"ac 

0.30-0.80 

0.40 

Battery lifetime 

k 

years 

5-10 

10 

Labor cost for battery 
replacement 

LREP 

i 

0 e 

0 e 

Module cost 

MOD 

* /P a 

7-10 

10 

Photovoltaic system 
lifetime 

N 

years 

20-30 

30 

Number of battery 
replacements 

nrep 

number 

2-5 

2 

Annual OM cost 

OM 

$ or fraction 

0. 005-0. 03 f 

f 

Voltage regulator cost 

REG 

i/w* 

0.20-0.50 

0.45 

Battery salvage value 

SV 

fraction 

0-0.2 

0.1 

Peak watts ac 

W ac 

watts 

— 

g 

System peak watts dc 

H dc 

watts 

— 

g 

Array peak watts dc 

P a 

watts 

— 

h 

Voltage regulator 
input power 

w* 

watts 

— 

i 


a Low-end value reflects very low cost structures and zero land cost. 
^See Equation (3). 
c See Equation (A). 

^For Government applications, a 10% real discount rate is used. 
e Included in annual 0M cost. 

f Relevant for fraction of delivered equipment cost; see Equation (5a). 
Range is based on photovoltaic systems without batteries. 

8See Section II. C. 8. 

^See Equation (2). 

1-See Section II. C. 7. 
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Indirect costs (IND) include engineering, management, and contingency 
fees and are assumed to be a fractional multiple of delivered equipment cost. 
Similarly, the cost of installation, site preparation, and test of the 
photovoltaic system (INST) is assumed to be a fractional multiple of delivered 
equipment cost. All costs associated with the initial installation of the 
photovoltaic system, excluding the cost of equipment itself, are to be 
included in the multipliers described above. 

Delivered equipment cost represents the initial capital expenditures for 
all photovoltaic power-related equipment, structures, inverter or converter, 
protection equipment (e.g., voltage regulator), and battery-related 
equipment. Each cost element is described in terms of its "natural units" for 
costing purposes as shown in Table A-4. 

The initial installed cost (IC) of the photovoltaic system can now be 
presented as in Equation (5b): 


IC = (1 + IND + INST) [(MOD x P ) + (ABOS x Aj + (CONV x W nr ,) 

a a Uv 

+ (INV x W A(J ) + (REG x W*) + (BAT x BWh)] 


(5b) 


Table A-4. Cost Elements 


Cost Element 

Cost Basis 

Engineering Units 

Module 

Dollars per peak 
watt of array (MOD) 

Peak watts of array power 
output (P a ) 

Area-related 
balance of system 

Dollars per square 
meter of array (ABOS) 

Array area in square meters 
(A a ) 

Inverter or converter 

Dollars per rated 
peak watt ac (INV) or 
dc (CONV), respectively 

Rated size of inverter, watts 
ac (W^c) or converter, 
watts dc (Wjjq ) 

Regulator 

Dollars per watt of 
maximum regulator 
input power (REG) 

Maximum regulator input 
power, watts (W*) 

Battery-related 

equipment 

Dollars per kilowatt- 
hour of storage (BAT) 

Battery storage size 
in kilowatt-hours (BWh) 
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Using Che assumed values from Table A-3 and from the sizing analysis, initial 
installed cost is calculated to be: 


IC * (1 + 0.16 + 0.30) [(10 x 1063) + (150 x 12.3) + (0) 
+ (0.40 x 350) + (0.45 x 1063) + (80 x 12.0)] 


= (1.46) [$14,053] = $20,517 

The initial installed system cost (IC) per peak watt of array (P a ) for this 
example is: 


$20,517 
1063 watts 


$19. 30/watt 


This falls within the present-day range of $17 to $25/watt initial system cost. 


Step 2: Estimate Photovoltaic System Operating Costs 

In addition to the initial installed system cost described above, 
recurrent costs associated with photovoltaic system operations are to be 
included in the estimation of life-cycle cost. Estimates of operation, 
maintenance and replacement costs are based on hardware performance 
characteristics and system operating strategy. Expenditures are primarily for 
battery replacement (if battery storage is included in the system design) and 
array, power conditioning unit, and battery operation and maintenance. 

The cost of each battery replacement (BR) in base year dollars is 
estimated from the initial cost of batteries shown in Equation (5b), 

BAT x BWh, less an allowance for salvage value (SV), plus the labor cost for 
replacement (LREP) . This is displayed in Equation (6): 


BR = (BAT x BWh) (1 - SV) + LREP 


( 6 ) 


Using the financial inputs from Table A-3, battery replacement cost is: 


BR = (80 x 12.0) ( 1-0.1) + 0 


= $864 


Over the photovoltaic system operating lifetime, a number of battery 
replacements (nrep) will need to be made. The present value of these 


«* 


replacements (RPV), escalated (at the real rate* esc^) and discounted (at a 
real rate, dr) to account for the timing of the expendi ure, is estimated 
using Equation (7) as follows: 


RPV 


nrep 




(7) 


where k is the battery lifetime. Using the baseline inputs, assuming two 
replacements during the system lifetime, the present value of battery 
replacements is: 


2 

RPV « ^ ^ (864) x 

i = 1 



x 10 

= $462 


The present value of expenditures for replacement of capital equipment 
(other than batteries) with lifetimes shorter than the assumed photovoltaic 
system lifetime can also be determined using Equation (7), appropriately 
modified to reflect their cost and timing. For the purpose of this example, 
such replacements are considered minimal and are incorporated in the annual 
operation and maintenance cost equation described below. 

Regular operation and maintenance costs can be estimated on an annual 
cost basis. These costs include expenditures for activities such as array, 
battery, and inverter maintenance; component replacements (other than 
batteries); and grounds, structural, and electrical upkeep. Annual operation 
and maintenance costs (OM) can be estimated on the basis of the number of 
required visits to the site per year times the cost per trip in base year 
dollars. A heuristic frequently used to estimate operations and maintenance 
expenditures is to assume that annual expenses are a fixed percentage of the 
initial cost of equipment. The present value of the cost of operation and 
maintenance procedures is the derived annual amount summed over the system 
lifetime, including any real escalation (esc 0m ) and discounting (dr) of 
expenditures over the photovoltaic system lifetime (N) . Annual expenditures 
are, therefore, growing in dollar amount at the constant rate of real 
escalation, if any. Present value of operation and maintenance cost (OMPV) is 
presented in Equation (8) as follows: 


( 1 + esc \ 

— ] x 

dr - esc / 
om/ 

or 

OMPV = OM x N, if dr = esc 
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For this example, annual operation and maintenance cost is assumed to include 
site visits once every 2 months for 4 hours per visit at a cost of $25 per 
hour. Annual operation and maintenance cost (OM) is therefore $600. The 
present value (OMPV) of these expenditures is; 


OMPV - 600 


( 1.0 

\ x r (i 

.o\ 30 ' 

\o.io - 0 

) L V 1 

•v . 


* $5656 


Step 3: Sum to Life-cycle Cost 

Photovoltaic system life-cycle cost (LCC) can now be determined from its 
constituent parts described above. Life-cycle cost is displayed in 
Equation (9) as the sum of the initial installed system cost, Equation (5), 
and the present value of recurrent costs, Equation (7) plus Equation (8). 


LCC - IC + RPV + OMPV 

* $20,517 + $462 + $5656 (9) 

= $26,635 


The life cycle cost in this example is expressed in 1984 dollars. 


Cost estimates for alternative power systems in competition with 
photovoltaics are now required. For illustrative purposes, life-cycle cost 
estimates are prepared for batteries and diesel generators. Load energy and 
power requirements are identical to the assumptions used in the photovoltaic 
system sizing and life-cycle cost assessment. 


1. Battery Cost Example 

Battery storage size in kWh is based on the energy load, days of 
storage required between recharging, battery depth of discharge, and inverter 
or converter efficiency. The sizing algorithm is shown below; 


Battery size 


Energy load x days of storage 

Maximum depth of discharge x inverter/converter efficiency 


where the maximum daily energy load battery depth of discharge and 
inverter /converter efficiency are the same as in the photovoltaic example; and 
required days of storage is based on a first order trade-off between the 
initial cost of storage and the required recharging and maintenance costs (at 
the assumed labor rates and maintenance frequency). 
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Therefore , 


Battery size 


2.8 x days of storage 
0.6 x 0.93 


Since the operating costs associated with service personnel used to 
recharge and maintain batteries can be extremely high, sufficient battery 
storage to supply one month's energy load is assumed in this example. A 
smaller battery size would require more frequent visits and, thus, be more 
expensive from a life-cycle cost perspective. It is further assumed that 
once-a-month site visits for maintenance are required to ensure adequate 
system performance to satisfy the load. Battery size is thus: 


„ . 2.8 x 30 

Battery arte - ft. ' s x Q.9 3 

- 150 kWh 


Using battery cost estimates from Table A-3, including indirect and 
installation costs, initial battery system capital cost (IC) is: 

XC = (1 + 0.16 + 0.30) (150 kWh x $80/kWh) = $17,520 

The cost of battery replacement (BR) every k years is based on 
Equation (6) and the battery assumptions in Table A-3. 

BR = (Battery size x battery cost per kWh) x (1-salvage fraction) 

+ labor cost 

= (150 x 80) (1-0.1) + 0 * $10,800 

For this example, labor cost is assumed to be included in the regular 
operation and maintenance expenditure. In present value terms, battery 
replacement present value (RPV) per Equation (7) is: 


RPV 



Using the values from the previous tables, 

2 

RPV = ^ $10,800 x (yjJ 3 

j = 1 


= $10,800 (0.39 + 0.15) = $5830 
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Annual cost foe operation and maintenance includes battery recharging 
and maintenance on the batteries and balance of system. For this example, 
monthly site visits are assumed, consistent with the sizing and cost trade-off 
described above. Each visit requires one maintenance person for 8 hours at 
$25 per hour. Annual operation and maintenance cost (OM) for 12 site visits 
is therefore: 


OM = 8 hours/visit x $25/hour x 12 visits/year = $2400 


The cost of equipment used for recharging and maintenance is typically 
included in the estimate of the labor rate. Over the assumed 30 year 
lifetime, the present value of operation and maintenance cost (OMPV) is: 


OMPV = $2400 x 


= $2400 x 



= $22,625 


The life-cycle cost (LCC) of the battery system alternative is the sum 
of the initial installed capital cost (IC), present value of battery 
replacement cost (RPV), and the present value of operation and maintenance 
costs (OMPV) as shown below: 


LCC = IC + RPV + OMPV 

= $17,520 + $5830 + $22,625 
= $45,975 


This life-cycle cost value will be used in the subsequent cost 
comparison of energy generation system alternatives. 

2. Diesel Generator Cost Example 

Though the peak power required by the load is 350 W, a standard, 
small size production diesel generator is typically 3 to 4 kW, In this 
example, a single 4 kW Kohler diesel generator has been chosen. All unit 
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capital costs and maintenance requirements are identified in Reference 9. 
Installed costs in 1980 dollars are shown below: 


Diesel generator 

$ 4566 

Fuel tank, 500 gallons 

400 

Valves/piping 

125 

Mounting frame 

50 

Engine shelter 

750 


$ 5891 


For consistency with the cost estimates for competing technologies, 
diesel generating installed costs can be inflated from 1980 to 1984 dollars 
using the Gross National Product Implicit Price Deflator (which results in a 
multiplier equal to 1.30). Installed cost is therefore (1 .30) ($5891) = 
$7658. This value is assumed to include the cost of system installation. 
Therefore, diesel generator system initial capital cost (IC) increments this 
amount only by the indirect cost fraction (16%) as shown below: 


IC = (1 . 16) ($7658) = $8883 


The Kohler diesel is a long-life unit that is assumed no require 
replacement costs equal to the cost of one unit after 15 years. Present value 
of replacements (RPV) is, therefore, the initial generator cost in 1980 
dollars inflated to 1984 dollars by the 1.30 multiplier and discounted for 15 
years as: 


RPV * $4566 (l .30) 


/ 1 + esc \ 
f om j 

^ 1 + dr J 


= $4566 (1.30) 



= $1421 


Annual expenditures for ongoing operation and maintenance are 
estimated based on: (1) the operating strategies described and costed in the 

referenced report, and (2) consistent labor hours and costs for the 
photovoltaic and battery examples in this appendix. Maintenance schedule and 
costs in 1984 dollars are shown below: 

200 hours $29 parts + 4 hours labor = $ 129 = $0. 65/hour 

500 hours 2 days labor (16 hours) = $ 400 = $0. 80/hour 

10,000 hours $1000 for parts and labor = $1000 = $0. 10/hour 


$1. 55/hour 


The asssumed load operates 8 hours/day, 365 days/year, or 
2920 hours /year. Annual maintenance expense is, therefore: 

$1.55 x 2920 = $4526/year 

Annual fuel costs are estimated from the yearly hours of energy load, 
diesel engine fuel consumption, and fuel price. Kohler engine fuel 
consumption for the assumed load is 0.19 gallons /hour . Fuel price is assumed 
to be $l/gallon. Annual fuel cost is: 

2920 hours/year x 0.19 gallons/hour x $l/gallon = $555/year 

The present value of operation and maintenance costs (OMPV) over the 30 
year lifetime is: 


/ 1 + esc \ I" /I + esc 

« - C*«26 + * 555 ) X [l - (-nra?) J 

* * 5081 ( o. ' io - o.o ) * [■ - (itx) 30 ] 

- *47,914 


Diesel generator system life-cycle cost (LCC) is the sum of the initial 
cost (IC), present value of replacements (RPV) , and operation and maintenance 
(OMPV) costs as shown below: 

LCC = IC - RPV + OMPV 

= $8883 + $1421 + $47,914 
= $58,218 

The life-cycle cost comparison between photovoltaic and the battery 
and diesel alternatives can now be finalized. Life-cycle costs are summarized 
below: 


Photovoltaics $26,635 

Batteries only $45,975 

Diesel generator $58,218 

By inspection, the photovoltaic system is shown to be the least-cost 
alternative. On this basis, a decision to pursue photovoltaic system analysis 
and design activities is warranted. As stated in the text, however, it may be 
additionally useful to perform sensitivity analyses on important cost 
parameters to understand the effect of uncertainty in parameter values on 
photovoltaic system cost effectiveness. 
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ESTIMATION OF LOAD FRACTIONS SUPPLIED 
BY PHOTOVOLTAIC ARRAY AND BATTERY STORAGE 


An operating photovoltaic system is typically required to satisfy 
coincident load as well as to recharge b/sttery storage. By using the 
photovoltaic array to satisfy load directly, rather than going through battery 
storage, power losses due to round-trip battery inefficiencies are avoided. 
Therefore, for the purpose of sizing a photovoltaic system, it may be 
important to explicitly consider this to avoid unintended oversizing and thus 
increased life-cycle cost. 

Load can be served by either the photovoltaic array or battery storage 
as shown in Figure B-l. 

Relating Figure B-l to the discussion in Section II.C.4.b and to 
Equation (2) in Section II. C. 5, the fraction of load supplied directly by the 
photovoltaic array is the cross-hatched area, denoted as f a . The remaining 
fraction of the load is supplied by batteries, f^. 

Quantifying array output supplied directly to the load, f a , is a 
non-trivial exercise due to the highly stochastic nature of array output and 
potentially variable loads. As part of a system design optimization effort, 
but not as part of the present methodology, the most precise way of estimating 
array output sent directly to the load is by means of a computer simulation of 
site-specific weather conditions, array output, and user load over a typical 
year calculated on an hourly basis. Using this information, array size can be 
calculated using Equation (2). Since this approach is inappropriate for use 
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Figure B-l. Idealized Energy Usage by Time-of-Day for a Given Month 
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in combination with the sizing and costing methodology described earlier, two 
alternative approaches are described below: 

(1) Bound and Estimate Load Fraction Supplied by Photovoltaic Array . 

In this case, the fraction of energy supplied directly to the load 
by the photovoltaic array can vary between 0% (for nighttime only 
demand) and 100% (for demand perfectly matched to photovoltaic 
output). For the 0% array-to-load assumption, all array output 
must pass through the battery and all battery-resultant efficiency 
losses incurred. Conversely, if all array output supplies the 
load directly, no battery efficiency penalties apply. In general, 
most photovoltaic systems operate between these two extremes. 

The assumption that all array output goes through the battery in 
those applications where the array could supply the load directly 
is a simplifying assumption that would cause the photovoltaic 
system to be somewhat oversized relative to the requirements of 
the load. Conservative approaches have already been incorporated 
in the methodology to ensure adequate system size. The user 
should be careful not to unintentionally bias system size larger 
than required due to this photovoltaic array-to-load factor. 

At one boundary condition, the array is sized correctly for 0% 
(nighttima only demand) array-to-load case compared to the required 
size, assuming all energy goes through the battery. Conversely, 
with a perfect match between array and load, the array would be 
oversized approximately 25% based on the current baseline values 
for voltage regulation and round-trip battery storage efficiencies 
(see Appendix A). A more realistic estimate of array oversizing 
is between these two values. For example, the degree of overs izing 
for a constant, 24 hours/day load is typically less than 10%. 

(2) Calculate Load Fraction Supplied by Photovoltaic Array Using a 
Simplified Procedure . A simple algorithm can be constructed to 
help estimate the load fraction supplied directly by the 
photovoltaic array under some rather limiting constraints. 

Assuming clear-sky conditions, an idealized time-of-day profile of 
array output can be constructed, as shown in Figure B-l, for each 
month of the year. Then, a representation of the deterministic 
time-of-day load for each month is incorporated. The load need 
not be constant by time-of-day or between months. For the "worst” 
month (see Section II. B. 3), estimate the fraction of the load 
supplied by the array, f a . This is the cross-hatched area 
divided by the total load. Insert this fraction into Equation 
(2). Battery sizing is not affected by this procedure. Repeat 
this procedure for each month of the year to ensure that 
array-to-load differences are adequately incorporated. Select the 
maximum array size, P a , from Equation (2) to adequately cover 
each month of the year for the selected array tilt angle. 
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Use of this procedure requires acceptance of certain limitations. 
Most importantly, to the extent that there is any variability in 
time-of-day photovoltaic output (or load) such that the load 
cannot be served according to the idealized pattern displayed in 
Figure B-l, this algorithm will overestimate the amount of array 
power sent directly to the load. Based on the degree of 
variability, this overestimate will result in the array and 
battery to be sized smaller than required to meet the load by some 
varying amount . 
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COMPARISON OF SIZING METHODOLOGY WITH 
ALTERNATIVE APPROACHES 


This section compares the results of applying the sizing methodology in 
this document with the results of several other sizing approaches. Each 
methodology has been applied to the same application load example. The 
example is derived from Reference 3, and was discussed along with the 
alternative sizing methods. 

The application load for this comparison is a constant power load of 
4.2 kWh/day. The site has a worst-month insolation value of 2.3 kWh/m2-day. 
Additional data used for the initial sizing are as follows: 


fb = 0.6 (l.e., the fraction of the load met by the 

battery. Therefore, f a » 1 - f b » 0.4) 


e vr • e b = 0*80 
e i/ c = 0.93 


Application of the sizing methodology as described in Section II is 
simplified by the constant load and the prior stipulation of the worst-month 
insolation. Therefore, L t( j = 4.2 kWh/day and I = 2.3 kWh/M^/day. The 
array sizing factor, S a , corresponding to I = 2.3 in Figure 2-3, is 1.7. 

No array degradation factor appears in the other sizing approaches. For 
comparison of the present method, therefore, F = 1.0. 

The array power from Equation (2) is therefore: 


L d x 1000 

P a = S a * F * e 1/c t f b (e vr * e b > + £ a > 
4.2 x 1000 

* 1.7 x 1.0 x 0.93 [0.6 (0.8) + 0.4] 

4200 4200 

1.7 x 1.0 x 0.93 x 0.88 " 1.39 


Therefore , 

P a = 3020 W (peak) ac 


Note that if an array degradation factor, F, equal to 0.85 is included, 
the result becomes: 

P a * 3550 W (peak) ac 

The battery storage sizing factor, S b , from^Figure 2-3 is 7.5. The 
required battery storage capacity, assuming an 80% depth of discharge (d), is 
therefore : 


E * S b 

b d x e 1/c 

4.2 x 7.5 
" 0.8 x 0.93 


= 42 kWh 


These results are compared with three other approaches in the table below: 


Table C-l. Array and Battery Storage Sizing Comparison 


Method 

Reference 

Array Size, W p 

Battery Storage 
Size, kWh 

NASA 

7 

3000 

42 

ROSS A 

3 

3140 

42 

Solarex 3 

7 

3150 

30 

FPUP 

(present 

document) 


3020 

42 


a Solarex designed and built a system with this array and storage size for 
the site in question. This system was designed for a load of 4.0 kWh/day 
rather than for 4.2, as in the other examples. 


This comparison shows that the present sizing method yields results 
similar to those of three other approaches when applied to this load and 
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location. It should be recognized, however, that different sizing approaches 
will frequently yield different results due to the built-in design margin or 
loss-of -energy probability (LOEP) selected as the basis of the sizing 
approach. These differences argue for the use of an LOEP-based sizing 
approach in order to ensure that power system alternatives being sized for 
comparison purposes are all sized to the same level of estimated performance. 
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AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. H) 


i 




J3 1 U 




X 

w 

a • 

w P % 
►*» TO 

< at 


vo uo no 
> • * 
CM CM CM 



CO b- vo 

i*f 

r> N fn 

uo cm uo 

oo cn co 


CM CM O CM T- 0 \ 

i«i iii 

oo oo no oo oo cm 


in cm in 

• •I 


00 a Q 

CO ID CO 
r- r- O 


O OO OO 
• • * 
O N(\J 
VO 00 ID 
i — i — O 


O O'N 
00 CM CM 

tn in r»n 
• • • 
XT *T X* 

v© u> a 
a a a 

t *• *r 
1 1 » 
.Sf JKf JtJ* 

CO CO MO 

a a a 

in oo a 

in in co 
cn in cd 
o o cn 

658.7 

657-0 

577.2 

oo co cn 

co a o 
co cn cm 

vo ID ID 

703.1 
703-0 

622.1 

cm oo ro 

• ii 

id a- cn 
tn in M3 

t- b- M3 



if'; 

v 


i 



1 

1 

00 CO 00 


00 in a 

cn co 0 

r- r- r~ 

0 tn no 

a cm no 

b- tn in 


a a v 0 

o 

1 

D b- CO 


O CM co 

Ov r- CM 

000 

C~ O CM 

cn no in 

co cm a 


cn no uo 

w 


9 9 9 


» » » 

9 9 9 

t 1 » 

9 9 9 

9 9 9 

999 


9 9 9 

p 

1 

1 



r— r- t— 

r— r— 


cm 00 no 

cm no 00 

cm no 00 


cm no m 


1 

1 

a- cn in 


b- tn 00 

0 in c- 

vo cm cn 

a a 00 

a c-co 

cn CM CM 


in cn 0 

> 

1 

cm 00 a 


0 no a 

cn r— CM 

1 - co no 

a co 0 

vo O CM 

in 0 cm 


uo cn cm 

o 

1 

• * 9 


• • 9 

V 9 9 

9*9 

9 9 9 

9 9 9 

9 9 9 


9 9 9 

55 

1 

v-* r— r -1 


CM CM CM 

r- CM CM 

r- r- r- 

00 co a 

no a a 

no a a 


no co a 


( 

l 

a 00 ro 


CO CM vo 

vo cn cm 

cn cn cm 

a b- a 

cm vo a 

b- r- CD 


a co in 

H 

1 

b- co co 


O OO 00 

0 cm on 

in b- co 

in 00 cn 

b- O r- 

VO O O 


vo cn 0 

o 

1 

1 » 1 



9 9 9 

• 99 

999 

999 

9 9 9 


9 9 9 

5 

s 

t— r* r— 


m 00 00 

CO 00 CO 

CM CM CM 

a a a 

a in in 

a in in 


a a uo 


» 

1 

00 <\l 00 


<sr t— 

in 00 cm 

00 CO CM 

r- CD cn 

cn in t- 

r OO O 


b- uo in 

P 

1 

t- b- in 


in in a 

tn in a 

in in a 

0 0 co 

00 fl\ b- 

0 0 CO 


CM no r- 

8 

1 

9 9 9 


• • » 

• « • 


9 9 9 

9 9 9 

9 9 9 


9 9 9 

1 

1 

CM CM CM 


CO 00 00 

00 CO CO 

co 00 ro 

in in a 

a a a 

in in a 


uo uo uo 


1 

1 

t-~ 00 VO 


00 a cn 

0 cn 0 

a a cn 

C"". V4D r-» 

in vo a 

CM CM vo 


1 - Ov CD 

TO 

1 

a cm oo 


t— UO t-> 

cm cn vo 

b-in- 

in 00 cn 

CM 0 VO 

vo a cn 


i- 00 no 


1 

l l 1 



1 1 • 

9 9 9 

9 9 9 

9 9 9 

9 9 9 



«a« 

1 

1 

00 00 CM 


CO 00 00 

a co 00 

no no ro 

in in a 

in in a 

in in a 


vo uo in 


1 

1 

1 

CM t~ O 


CO 0 00 

vo cn in 

b- in 0 

ta t-b- 

0 now 

b- vo a 


bCO ID 

p 

1 

O VO CM 


00 0 a 

a 0 in 

in r« VO 

in «-• in 

no ov no 

VO CM VO 


no 00 r- 

3 

1 



9 9 9 

1 1 • 


999 

9 9 9 

9 9 9 


9 9 9 

1 

1 

a 00 no 


a a co 

a a 00 

a a 00 

in in a 

in a a 

uo in a 


VO uo uo 


1 

1 

OO vo CM 


co cm no 

in 0 f 

0 in a 

00 no 00 

cn cm in 

cn t~ in 


ro vo co 

{25 

1 

CM CO 00 


VO CM vO 

vo CM vo 

^ CO r 

co no vo 

vo cm in 

ov a b- 


no b- cn 


1 

Mil* 

CO 


CO ••• 

COiii 

Will 

CD • • • 

CD • • • 

TO 

9 9 9 

i 

w^oom 

w a a 00 

w a a no 

w in a a 

w in ma 

w in in a 

w in uo a 

w d in a 


1 

H 

H 


H 

H 

H 

H 

H 

H 



1 

TO 

g c- r a 

0 


to 

g in cn b- 

O 

O 

to 

0 

0 



1 

g 

00 CM t— 

R a cn vo 

g CM r- CO 

g co b- in 

g uo coco 

g 

0 vo r— 


1 

E 0 b- CM 


b- 00 b- 

E m cn a 

E i— vo 0 

E b- CO vo 

E b- no b- 

E co a t~ 

23 

OV ZT 00 


1 



• • • 

t • > 

9 9 9 

9 9 9 


9 9 9 



23 

1 

cm a 00 oo 


a a co 

in a no co 

0 in a a 

a in Ln a 

r m ina 

co uo in a 

0 

uo uo a 


1 

1 

CM 

XT 


a 

no 

00 

a 

r~ 

CM 



1 

1 

CO CM OO 00 

CO 

0 OIOO 

10 CO ID ID 

co no cn vo 

co cn cn in 

CO r- r- t*~ 

TO vo vo r- 

TO 

no no 0 

« 

1 

w t- in r 

w 

;=r *— c^> 

urort- 

w vo ro cn 

W (Or N 

w in no no 

w uo no ov 

W 

CM O VO 


t 

Will 

w 

ii* 

Will 

Wi.i 

Wiii 

w - • • 

Wi.i 

w 

9 9 9 

*3j 

1 

re co 00 00 

re 

a a oo 

re a a no 

re a a no 

re in in a 

re in in a 

re in uo a 

re 

uo uo a 


1 

0 

a 

0 

a 

a 

0 

TO 

TO 



1 

w 

w 


w 

w 

w 

w 

w 

w 



1 

p 

p 


p 

p 

p 

p 

p 

p 



1 

b* 1 - no 


CO CM VO 

0 m- 

00 cm b~ 

R- OI r* 

a 0 no 

vo r- no 


vo 1 - no 

W 

1 

co in in a 

CO 

vo c— in 

b- in in 00 

a cm no r- 

on xr i=r m 

0 c— co vo 

cm uo vo a 

la 

m vd 

1 

in . . . 

in 


in . • • 

vo • 1 • 

00 • • • 

00 • • • 

no • • • 

no 

9 9 9 

* 

1 

1 

CM CM CM 


no co co 

co 00 ro 

00 no 00 

zr 

.=r .=r -=r 

a a a 


a a a 


1 

1 

W O r- CM 

•• 

w 

cm vo c- 

W CM CO CM 

w vo in in 

W no no a 

W CM vo cn 

W vo co cn 

W 

UO co 0 

m 

1 

P 0- OO CO 

p 

cm no no 

P cn 0 0 

p in vo vo 

ninb-b- 

P cn «— «— 

« vo co co 

P 

bOVO 

r W 

1 

1 

g «“• 1 — i— 

e 

CM CM CM 

e «“* CM CM 

0 • • • 

H 1 — «— t— 

e no no no 

e no a a 

e no ro no 

ZD 

H 

no no a 

1 

H 

H 


H 

H 

H 

M 

H 

H 



1 

H 

H 


H 

E-i 

H 

H 

H 

H 



1 






•aS 

a 


a 



1 

P a mo CM 

P 

uo cn vo 

P no vo 1 — 

P a co 0 

P Ln CM a 

P «— no 00 

9 J t— £■*- CTi 

P 

no b- CM 


1 

O 1 - CM 


cm 00 a 

1 - CM 00 

no cn a 

t— O r- 

1 — a in 

CD t- CM 


0 no uo 


1 






9 9 9 





i-a 

1 

1 

V— t— 


r— t— r— 

1 — r~ * — 


cm no no 

no ro co 

cm no co 


co cn cn 


1 

1 

1 

W 



w 

TO 

P 

P 

p 

re 



1 

1 

1 




<? 

a 

* 3 ? 

<c 

< 




1 

1 

in in 


in in 

in in 

in in 

in " tn 

in in 

uo uo 


uo uo 


I 




f— * r- 

T— r— 

% — r- 

x— r- 

t— r** 


r- r* 

H 

1 

1 

» + 


1 + 

1 + 

• + 

1 + 

1 + 

1 + 


1 + 

P 

H 

1 

1 

WWW 

a 

0 

WWW 

WWW 

WWW 

E W W W 
P P P 

WWW 

Sm W W W 

TO 

WWW 

H 

1 

0 . Q P 


p p p 

p p p 

p p p 

p p p 

re TO 0 p 

H 

p p p 


1 

1 

egg 


eee 

eee 

eee 

cn 0 p p 
O H H H 

D p & 
H H H 

geee 

H 

S 

eee 

«aJ 

1 

!D H H H 

CO 

H H H 

TO H H H 

H H H 

a H H H 

W H H H 

O H H H 

H H H 

2 

1 

< H H H 

H H H 

«=$ £■* Eh 

H E-t H 

H H H H 

P E-i H H 

TO H H H 


H H H 

W K 

1 

W < dj C 
TO P P P 

0 

<4 << < 

H <C «ai 

W <fl <t *si 
E P P P 

E ■=< ■=$ «aS 
re P P P 

H * 3 ! C < 

H < < < 

H 

< < < 

H 3 

1 

s 

P P P 

P P P P 

TO P P P 

P P P P 

re 

P P P 

H 

1 

% 

H 


O 

O 

H 

O 

O 

0 


CO 

1 

p 


TO 


m 

23 

23 

w 



D-l 




gu y— - 


Q 









OR10U 

li- v.iP3i U * 















OF 

pom v 









w 


“ 















§ 


* 


co ao in 













rH 

a 


*t in CM 

on W r* 


J4 in CM 


on on r- 

vo t~ y 


OOh 


y y ** 


a; 

< 


• * • 

III 

* t • 


• * • 


• • • 

• I » 


t • t 


I * 


w R 

s 


y y y 

VO vo vo 

vo VO VO 


vo VO VO 


VO VO vo 

VO vo vo 


vo vo in 


vo vo vt 


















■< 


w 

















r\ 

















K 


y y 

OimCh 

CM t- vo 


r» r» 


CM a on 

cm y on 


CO CM vo 


r- Mir 


p 


• 


i » ( 

III 

• • • 


♦ ♦ ♦ 


1 i l 

l » l 


• • * 


• • • 


< 

«: 

H 

O' 


U3 JT Ol 

OO vo o 

4 NOV 

a CM CM 


in vo in 
on in in 


in y on 

o y p» 


4 MD 


00 co N 
CM on CM 


p 

W 


y y in 

W vo vo 



<T\ r» *-• 

w 

r- on on 


a%00 KQ 

•— r- O 



w 

o 

s 


t~ l- VO 

no nn cm 

on on cm 


on on cm 
CM CM CM 


y y m 



on on im 


5 

H 

ro 

w 


r- r- f— 

cm cm n. 

CM CM CM 



CM CM CM 

CM CM CM 


CM CM CM 


CM CM CM 






y cm nn 

"'ion 

in on on 


co in m 


JTOUv. 

VO t~ CO 


cm on in 


cm moo 




o 


oo cm y 

■- VO o 

r- CO CM 


p- 00 CM 


a vo o 

cm ov on 


ov on in 


oo y c~* 




w 


* • • 

1 1 1 

* I ♦ 


1 I 1 


• •• 

III 


* 1 l 


• 1 




p 


cm co oo 

y y m 

•=r 4t- in 


4 4 in 


y y in 

y y in 


cm on ro 


on y ■ 






l- ov ov 

no cm ov 

4 vo in 


jt in CM 


o ** o\ 

if C*- N 


on vo on 


on t— p- 




> 


W co o 

oo in oo 

OlVO o 


ov vo o 


at vo ov 

O r- 


o in co 


uv r- in 




o 


• • • 

• * • 

• • ■ 


• 1 1 


• It 

• I • 


• • • 


* * * 




sc 


no m y 

y in in 

4r in vo 


y in vo 


y in in 

in in vo 


y y y 


y in in 




fri 


*- vo y 

r- vo on 

CTl r- 


CO CM 0V 


r- XT O 

OV P CO 
0 to OV 


ov o in 


CO r h 





t~ O r- 

r- VO 0O 

O vo CO 


O VO C- 


o in c- 


t'- on y 


co y in 




o 


• ♦ * 

• 1 • 

• I * 


• I I 


* I » 

\ • • 


• • i 


» ♦ 1 




o 


y in in 

VO VO VO 

vo VO vo 


vo vo vo 


vo vo vo 

vo vo vo 


in vo vo 


in vo vo 




a. 


o oo crv 

on cm o 

N04 


o o- y 


O E-4 

O O co 


ov ov vo 


vo VO 

• 




m no r- 

r- on V- 

C7^ r-* O 


cr» o oo 


ov O 00 

cm y t- 


r* on «— 


r- on v— 

a 



w 


• II 

If* 

• • • 


• i • 


III 

III 


III 


• • • 

w 

£ 

s 



to 


in in in 

t~- t~— t~— 

VO t— vo 


VO M VO 


vo C~VD 

C~* t~ t~ 


C~- 0— 0~ 


t— t*- t*“ 





=T ro CM 

vo o t— 

CM 00 «- 


VO r* CM 


o y in 

VO r- t— 


C— 0 v v— 


on y r- 




a 


o oo m 

y cm in 

oo in o 


O 00 CM 


o t- T- 

in oo) vo 


ov vo o 


vo on vo 




p 


i • i 

• I • 



• • * 


i • • 

• *• 


• • I 


♦ • ^ 

« 

H 



«s 


vo in in 

t- l- vo 

VO VO VO 


0- vo vo 


t— VO vo 

C~ t-vo 


C- t— t>- 


co oo o- 

i 





t- O CO 

vo vo in 

(VI E-4 


•— in «- 


zr i- 

VO SCO 


OV CM I- 


on in f 




p 


OJ 00 o 

VO O 1- 

r- in o- 


CM vo CO 


CM vo CO 

in ov o 


CM VO vo 


o y y 




5 


III 

III 

III 


III 


• * * 

• ■ • 


III 


*•• 

m 




vo in in 

t~ C— vo 

o- vo in 


0- VO LA 


c-vo in 

0- vo vo 


to 0- VO 


00 c— VO 

J2 

o 
















n 

o o co * 

H 





oo cm no 

CO CO vo 

4f on r- 


y y on 


Ov Ov Ov 

o co cn 


i— o CO 


H 





oo m co o 

cm y on 

on in 


cm y on 

CO 

p- on cm 

in vo in 


on in on 


m in m ; • 

<J 



5 


w • • • 

co • • • 

co . . • 


co •• • 

• • • 

co • • • 

co 

• • • 

00 

• * • \\ 

P 




E-I VO in in 

wm mo 

W oo Nvo 


W 00 l-vo 

W 00 SvO 

w co c- vo 

W 00 c- VO 

W oo t~ VO / 

O 





o 

Eh 

EH 


Eh 

EH 


Eh 

Eh 


H 


t/J 





•23 

» 

tD 


P 

O 


P 

o 


P 


25 

H 





M 

SJ. in r- in 

55 

H vo o o 

P3 r* t**~ O 


H on t-~ P 

s 

v— 0- O 

§ cm in on 

s 

in y cm 

s 

00 VO CM i 




y 


ov in oo 

s CM vo vo 

S r4 in 


E cm in in 

S o m y 

E y t— c~ 

E 

t— p~ CM 

E 

oo cm nn r ! 

*H 



«xj 


■=J* • • • 


* • • 




• » ♦ 

• •• 




• » • 

P 





y in in y 

vo co t— vo 

co oo t- vo 


*v00 SlO 

r* 

00 p vo 

O co C— vo 

in 

V£) 

T— 

t- c— vo 

H 






CM 

m 





y 

CM 


y 

9 

p 



« 


00 

W i— ■ t— Ov 

co o— o vo 

CO if CO VO 

W ^ r in 


W vo ov y 

co 

C~ i— 

co y e-. «- 

co 

in o on 

w 

I; 

on t— vo 

w 




w oj o in 

W VO y t— 


w vo on o- 

w 

y cm in 

w oo in ov 

w 

co o 

w 

m o y 

o 



a. 


a • ■ • 

w • • • 

w * • • 


w • • • 

w 

• ■ ■ 

w • • * 

w 

* • • 

ai 

• • 1 

"S 



«3 


O in in y 

03 l- c- vo 

03 f— C— VO 


ck m- vo 

03 

O- VO 

03 Ch. C~vp 

P3 

vo vo vo 

« 

t- C~ vo 

« 





w 

a 

a 


a 

o 


cs 

o 


o 

p 

s> 





« 

w 

w 


w 

w 


w 

w 


w 







p 

p 


a 

« 


p 

p 


p 





« 


y y CTV r- 

VO T— T— 

O 10 4 


c- on cm 


y ov co 

O CO 0- 


on y y 


ov y on 





mining 

on on in on 

4 (04 N 


cm y vo y 

in 

on 4 CM 

CM t- CO vo 

in vo c*- in 

in 

«- on t- 




S: 


• • * 

on • • • 

m • • • 


on • • • 

on 

III 

on • • • 

m 

• •• 

on 







y y y 

vo vo vo 

vo vo vo 


UD VO VO 


vO vo VO 

VO VO VO 


in in in 


VO VO vo 




CQ 


w 

Q CO vo CO 

W r- CM CM 

W 4 4 4 


w in t— 

w 

in in y 

w on t- co 

♦ * 
w 

Ov VO c 

w 

t~ m o 





g c— ov o\ 
h no m no 

P CM vo t~ 

Q r in VO 


p on co 

a 

r- LA <0 

O y oo ov 

p 

r-4 10 

p 

t-« n- CM 




w 


^ in in in 

in in in in 


^ in in in 

B 

■ • • 

in in in 

B in in in 

B 

III 

B 

y in in 






EH 

H 

H 


H 

H 


M 

H 


H 







<3 

Eh 

Eh 


Eh 

H 


EH 

Eh 


Eh 







P 

<3 

<3 


<3 

■=3 


<3 

«a3 


-=3 







on cti 

p OV4 N 

p o oo co 


P CM O O 

hv3 

ov in on 

P in in 

p 

ino s 

p co co on 




§ 


ov cm oo 

>— t~ O 

on co i- 


y o ori 


r-SO 

y o oo) 


r* in vo 


co on vo 






III 



• • I 


III 

* • • 








►~o 


cm m no 

-=r =r in 

4r in 


y in in 


y y in 

y in in 


on on < i 


nn y y 






§ 

NJ 

Ml 



tSJ 


N 

•=*1 













«• 

< 


< 

CJ 


u 







in in 

ir> in 

in in 


in in 


in in 

in lcv 


in in 


in in 






•r* r* 

t— r~ 



r— r— 


r~ r- 

i — r~ 


t— T— 


C~ T— 




£h 


1 + 

i + 

i + 


i + 


1 + 

i + 


1 + 


1 + 





w 















P 


u 








p 







r H 


o w w w 

WWW 

WWW 


WWW 


WWW 

WWW 

p 

WWW 

w 

WWW 




H 


« a a p 

Q Q Q 

a q a 


o a Q 


POP 

p p p 

w 

p p p 


p p p 






w SSh 


H D P D 
HHHH 



s 


BBB 

s 

p p p 
EH Eh H 

«3 

P 

D D D 




=3 


P H H H 
H Eh Eh Eh 

M H H H 

O H H H 


S H H H 

o 

H H H 

H H H 

00 

H H H 


H M H 



W 

« 


ts Eh Eh Eh 

O £h H Eh 


O H EH Eh 

wJ 

Eh Eh Eh 

Eh Eh fH 

03 

Eh EH Eh 


Eh Eh Eh 



cc 


Eh «3 «3 -=3 

W -4 aj =3 

OQ «a) < «=3 


CO -4 <3 <3 

CO 

«3 3 <3 

<3 <3 *ai <3 

W 

*3 «5 <3 

a 

<3 <3 <3 



H 



H P P P 

O P P P 

W P P p 


o p P P 

s 

P P P 


S 

P P P 

H 




H 



P 

K 

03 


CO 

H 


r5 

«3 


33 




CO 


t 


CM 

CM 


EH 

PS 



m 


U 



D-2 


( 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. M) 



W 

a 


21 I 


OJ <aj 
Cd « 
> 

•*} 


*8 


•^1 N. • 

«aj a 

P t-H CO 
E O 
SC H 33 


1 

O CM O' 

on o on 

o m o 

CM 00 O' 

tn «- on 

OV VO M3 

CO O at 

T C-T 

a i 

av in oo 

i— on vo 

in oo o 

vo r- SJ- 

vo cm in 

O t— p- 

Ov at vo 

AT 0- Ov 

Cd 1 

* • ♦ 

* i < 

p • • 

p p p 

p p p 

p p p 

p p p 


p i 
i 
1 

tost sr 

cn sr sr 

cvj cvj on 

on AT AT 

on AT AT 

at at in 

cm cn on 

CM CM CM 

1 

i 

i 

co tn «- 

AT r O 

Or® 

AT Ov CO 

VO CM O 

t~ oo vo 

vo on c- 

OV O OV 

> i 

vo cn e- 

CM 00 r- 

O' A3 - VO 

r- VO OV 

«— f- o 

oo in av 

vo p— on 

CM C- 00 

O 1 

• • • 

■ » i 

p p p 

p p p 

tit 

p p p 

tit 

p p p 

S3 1 

1 

am- in in 

A3- A3- Ln 

on A3- .3- 

AT AT AT 

at at in 

at in in 

on <3* «3* 

on on m 

1 

1 

1 

co m av 

t— ov ov 

i- on oo 

in tn in 

CM r— r— 

0- OJ OV 

ov oo C- 

AT 00 OV 

EH 1 

cn in vo 

r- in vo 

co m at 

o at in 

o at in 

O vo C— 

00 CM OC) 

CM vo C- 

CJ 1 

• • • 

• • • 


p p p 


p p p 

p p p 


5 1 

i 

in vo vo 

tn in in 

tn vo vo 

mm' 

in in in 

vo VO vo 

at in in 

in in in 

i 

i 

i 

O r O' 

0-0 O' 

fr- 00 VO 

AT vo vo 

oo ov ov 

P- CM o 

ov on cm 

O OV VO 

CM 1 

CM AT r- 

O Cvj O' 

CM at CM 

ov o oo 

00 O' t- 

CM AT CM 

p — m p— 

O »-“ O' 

Cd | 

• • • 

• « * 

• • • 

p p p 

p p p 

p p p 



$ 1 
1 

C~— C~— 

vo vo in 

t~- t» t- 

in vo in 

in in in 


VO VO VO 

C— t- vo 

1 

1 

1 

CM VO O 

a vo t- 

Asr vo co 

on ov cm 

VO CM VO 

tn av t— 

co on vo 

av p- in 

CJ • 

oo in cn 

O t— r- 

o t- o 

oo in o 

t- in ov 

at p- in 

t- in qv 

c- in co 

£3 1 


• » • 


p p p 


t # p 

• • .1 

t • t 

«3 1 
1 

t— t- vo 

t— CO vo 

® NN 

VO VO VO 

vo vo in 

0 - 0 - vo 

vo vo an 

C- l— vo 

1 

1 

on o on 

cn on i- 

r- AT CO 

ov in on 

cm c— in 

AT CVJ Ov 

OV CM oo 

p— on p— 

p ! 

O A3" ST 

CM l- oo 

on vo vo 

oint- 

p— in o— 

00 CM CM 

rlOf- 

on vo vo 

p 1 

• » • 

• • • 

p p p 


p p p 


p p p 


>=9 1 

i 

CO 0— VO 

C-— co in 

~o t— VO 

it- vo in 

o- vo in 

C- t~~ VO 

c~- vo in 

OO c- VO 

1 

1 

1 

vo tn on 

in in cm 

vo VO vo 

CO r— r- 

on vo t— 

AT CM OO 

c\l vo in 

c — p — t-— 

E 1 

cm in st 

VO O CVJ 

CM 3- on 

AT OV t- 

AT oo o 

AT VO AT 

p— at in 

CO p— o 

P ! 

(/}••• 

CO • . • 

CO • • • 

CO p • • 

co • • • 

CO • • • 

cn , • • • 

co • • • 


tH 


Cd 


ST -ST r- 

yuavo 


<r- VO no 


.If CO t- 
(O-Tif 
mmw 
CM CM CM 


Ed 0O C- VO 
E-' 

£3 


W N 0(0 

o cnmro 


at in in 


in 

T— 

I 


or* pu 


.V 

, y v 


co vo at 

in in in 


oc ov in 
in in in 


inuim 
in in in 


in in n - ) 
in in m 


in in cm 
» # » 
co co vo 


AT 00 r- 

in in .n 


- 3- t- 


co in t- 


oo ov aj- 


vo co 


in ov in 


AT l- l* 


•V r» cn 
on in co 
o o o> 
t\i im *- 


oo vo in 
in st cvj 

r- t— O 

cm cm cm 


i-mm 

o^n 

O O Ov 
C\| CVJ »— 


OV St co 
OV r~ Cvl 
no m 

r W r 


CVJ r- (** 

vo oo e'- 
en on cm 
cvj cm cvj 


in «— «— 
in in in 
ov Ov oo 


w vo vo in 

Eh 

S 3 


Ed 03 C— VO 
EH 

o 


tq vo in in 
Eh 
» 


w vo in in 

EH 

O 


cl co 0— co 

tH 

» 


B p- co cm 

3 

ov 

p- o 

B ov co co 

B IT- O 00 

s 

VO Ov CO 

H 

Ov AT vo 

S o cn st 


on 

Ov CM 

21 vo 

O r- 

E on oi r- 

53 

on oo p- 

E 

r— 

in in 

t t t 





• • 


• • 


# p # 




CM OO t- vo 

O 

VO 

u > in 

vo t— t— vo 

Ov vo 

in in 

vo 

vo in in 

vo 

CO 

t— vo 

in 

AT 



AT 


AT 


m 


sr 



CO AT CO VO 

CO 

in 

CM p- 

CO OV 

sr t*~ 

CO 00 

VO AT 

to 

CM O CO 

S3 

CD 

m ov 

W AT T- Ln 

03 

CM 

o in 

W CO 

KO o 

W CM 

o in 

Cd 

on p- in 

in 

m vo 

u • • • 

8 


p p 

Cx3 • 

e • 

Cd • 

p p 

W 

p p p 

w 

• 

p p 

03 t— t— vo 

VO 

vo in 

03 vo 

VO 

03 vo 

vo in 

« 

vo vo in 

03 


t— vo 

O 

C3 



to 


U 


O 


a 



w 

W 



W 


W 


w 


w 



p 

P 


p- CM 

P 


P 


p 


p 



OV AT -3- 

O 

av 

O r- 

r— 

om cn 


in vo t— 


ov m in 

AT CM st CM 

on vo 

it- in 

vo in 

t- in 

m vo 

it- in 

m vo t- m 

AT 

sr 

VO ST 

cn • • • 

CO 

• 


on • 

• • 

on • 

p p 

(O 

III 

on 

• 

• • 

VO VO VO 


in 

in in 

m 

m in 

in 

in in 


in in in 


VO 

VO vo 

(l 

• • 



,, 


„ 


•» 






M 

Eh 

£3 

0 


^ in OJ at 
JS co on in 


A 3 - vo co in 

st 


co cm ov vo 

w no m 

w • • • 

a vo co in 

o 

w 

p 

C\J r- CNJ 
t- cvj on «- 

on • • • 

in in in 


H in co in 

flvono 

B 


a 3- .=r in 


Cd ov at t~ 

QCOrr 

B 


H 

«3 



i P CM 

in cm 

d in on t- 

E 

1 O 

in oo 

co on in 

«3 

1 • 

p p 

# p p 


1 at 

AT AT 

on AT AT 


m st st 


w co cr\ in 
p in oo o> 

B 


W £~ CT> co 

p in oo ov 


w m in vo 

O O' vo i— 


W Non h 

Q OV CM CM 


CVJ r~ =r 

t~- CD r- 


st st st 


C- AT 00 

t- OJ sr 


H A3- s*- St 

a 

«3 

p oo in oo 

£-“ CVJ sf 


in in in 


Eh 

«3 

p in o oo 

r- IT- OV 


H (OAT sr 

H 

EH 

*3 

•J in o vo 
o Ag- m 


mst st 


st st sr 


m nn m 


*3 

O 


<c 

a 


«3 

o 


o 


c 

o 


«J 

u 


in 

T— 

+ 


in 

r— 

I 


in 

T— 

+ 


in 

i 


in 

r— 

+ 


ICV 

T 


in 

i — 

+ 


in 

i — 

I 


in 
* — 
+ 


tn 

t — 

i 


in 

*+ 


D-3 


vo in rvi 
in in in 


ov 0 - 00 


no on on 

m r m 

O o co 

CM CM r- 


M S r-vo 

EH 
£3 

B 


ov ra on 

E (if tO Oi 


av c- vo tn 


CO VO r— C — 

W m t- to 

w • • • 

os vo vo in 

C 3 

w 

p 

in cvj on 

o co o 00 


sr in st 


W co cn »- 

p in c— co 


H n on on 

H 

Eh 

■3 

p on o cm 
in® to 


CM CM CM 


<3 

CJ 


in 

r- 

I 


in 

T— 

+ 



EH 

ri 

1 

1 

t 


Ed 

Ed 

Ed 


Ed 

Ed 

Ed 


Ed 

Ed Ed 

M Ed 

Ed 

Ed 

CO 

Ed 

Cd 

Cd 

Cd 


Cd 

Cd 

Cd 


Ed 

Ed 

Cd 

, w 

Cd 

Cd 


Eh 

1 


P 

P 

P 


P 

p 

P 


P 

P l 

P 

CJ 1 


P 

P 

P 

P 

P 

P 


P 

P 

P 


P 

P 

P 

CiA p 

P 

P 


tH 

1 

1 

Eh 

£=> 

EH 

O 

EH 

EH 

O 

B 

B 

B 


B 

B i 

D 

H 

w i 

r* 

£3 

Eh 

B 

Ed 

CJ 

B 

£3 

EH 

B 

CO 

B 

B 

H 

B 

P 

B 

B 

B 

Et< £3 
P H 

£3 

EH 

B 


<3 

| 

Eh 

H 

H 

H 

P3 

H 

H 

H 

O 

H 

H 1 

H 

« i 

H 

H 

H 


H 

H 

H 

Ed 

H 

M 

E 

H 

H 

H 

P H 

H 

H 


W 

K 

1 

Cd 

Eh 

Eh 

Eh 

O 

EH 

Eh 

Eh 

E 

EH 

Eh 1 

H 

i 

H 

Eh 

Eh 

Eh 

Eh 

Eh 

P 

Eh 

Eh 

Eh 

a! 

Eh 

Eh 

Eh 

CP H 

Eh 

Eh 

P 

1 

CJ 

*3 

«3 

-3 

H 

<3 

■3 

•3 

CO 

■3 

*3 1 

■3 

o ■ 


<3 

«3 

CO 

«3 

*3 

*3 

ca 

«3 

«3 

«3 

£ 

*3 

«3 

< 

■3 

*3 

«3 

Eh 

< 

1 

CJ 

P 

P 

P 


P 

P 

P 

Ed 

P 

P . 

P 

E i 

p 

P 

P 

P 

P 

P 

Cd 

P 

P 

P 

P 

P 

P 

P P 

P 

P 

H 


1 

>3 




P 




« 




O 




O 




Cd 








Cd 



CO 


1 

P 




Ed 




Is, 




P 




P 




E 




O 




03 




k 


t 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. M) 


owe::.. .:, i 

OF POOH Q 


fcVk ii'iotl ti U 


w 
a 

«! SH 
K «C 

w p 
% 


p p 

*$ 5 


54 


IS? i 

N- t~ CO 

« 1 1 

n n co 

• • 1 

f=r <=r ?— 

in vo ro 

UV UV CM 

'1 i 

n n n 

n n n 

lo in in 

in in in 

• • I 

uv tn in 

3 1 












» j 






i 

N 1 

5 ! 
S 3 1 

OV CM VO 

• • ■ 

O COr 

ov n in 
0 0 ov 
CM eg 1- 

co ov in 

333 
OV t- (O 
ov 0 ov 
1- CM 1- 

1975.5 

1970.1 

1867.3 

CO CO AT 
* • • 
CO CM O 
CM CO AT 
O O Ov 
CM CM r- 

1 - CT N 

OV to CO 
r- 1- 0 
O O Ov 
CM CM r* 







1 

a 1 
w 1 

in t-— 33 

3 N Ov 

III 

OVNr- 

NION 

33 M 3 ov 

ov to in 

CM vo M 3 

in 0 to 

CM UV OV 

O 33 vo 

p 1 
• 
1 

CM CM CM 

CO A}- 33 

cm m co 

CO 33 A 3 

CO CO CO 

1 

1 

> 1 
0 i 

toco O 
n Ov CM 

r— ov ov 
CO 00 T- 

33 1- 33 
M 3 T~ ro 

«- vo tn 

1— VO OV 

33 CM vo 
b- CM at 

2 1 
1 
1 

co ro 33 

3 3 in 

CO A 3 33 

33 AT AT 

CO 33 33 

1 

1 

EH 1 

y * 

t — 3 N 

33 Ov O 

vo co co 
i- n vo 

III 

33 CO CO 
OV (O 33 

VO O CM 
CM t- CO 

CO CO CO 
O 33 UV 

0 1 
1 

in in vo 

n in n 

33 tn tn 

in in in 

in in in 

1 

1 

CM 1 

y * 

1— r- OV 
r CO O 

1 • • 

n t- t- 

Ov 0 OO 

• ■ • 

in ov co 
(O A 3 CM 

1— in 33 
t- CM 0 

1- in 33 
33 UV CO 

W 1 

1 

1 

N- N N 

n vo n 

VO VO vo 

M 3 VO vo 

• • • 

so vo vn 

1 

1 

O 1 

B 1 

CM in N 
Ov M 3 Ov 

• • # 

mcM N 
M 3 33 00 

0 in vo 

O t — r— 

GO 33 VO 
CO VO 0 

t>- r— O 

r- cn m 

«s 1 

1 

1 

t— C— vo 

vo vo in 

N VO VO 

vo VO VO 

so so 

1 

p ! 

a 1 

n c- n 
co vo vo 

III 

A 3 CO M 3 
C— CM 33 

1- cm in 

AT CO OV 

CM t— CM 
CM VO GO 

in tn in 
in cn 0 

p 1 

1 

op N IO 

vo vo n 

r- vo in 

In vo in 

1 so so 


m 

w 

h-i 


Eh 

P 

H 

H 

Sm 

«S 

(K 

« « 
H «! 
H 
CO 


r- m in 

r- CO CM 
CO • • . 

W CO Nifl 
H 

o 

§ in in vo 
Sinoio 

t— IN- VO CO 

m 


co to co co 
w id m<o 

[d • • • 

(x vo vo in 
t 3 

w 

p 

t~- VO f- 
CO CM CO «- 

CO • • • 

in in in 


w C 7 V r- at 

P lO Oi 01 

g tO CO CO 

H 

Eh 

<x 

P in *- co 
in co o\ 

cm cm cm 


in 

*— 

i 


in 

T~ 

+ 


o w w w 
eh p p p 

gggg 

E H H H 
■aS H H Eh 
K < < «S 
y P P P 

<33 

10 


mo cm in 

CJ c- o\ 
CO » • . 

w vo in 33 
E-i 


§ 


CO CM 33 
id «- t— O 

at vo in in 

=t 

co in co cm 
w cm o in 

M • • . 

« VO vo in 

a 

w 

p 

AT UV VO 
CM M 3 l- UV 

co • • • 

in in in 


W O A 3 T- 
P O i- 

S at in i* 

M 

Eh 

< 3 ! 

POOIIT) 

erv co vo 
co 33 33 


< 3 ! 

o 


Ol C \1 O 
*— in vo 
to • • • 
w c- vo in 

EH 

so 

M o vo C- 
E ov m in 

t— vo vo in 
CO 


co t- co in 
w ro o in 

py • • • 

k vo vo in 

to 

w 

p 

CM O «— 
t CM CO i 1 

CO . . . 

in in m 


W CO Ov CM 
Q eh r- ro 

g CO 33- AT 
H 

EH 

■aj 

P 33 * CTl in 
o co in 

co co co 


« 3 S 

o 


CM MO VO 
CO ^ 

w t- vo tn 

Eh 

S3 

H O r- vo 

S vo i- co 
• • • 

3t vo vo in 
in 


co in co r- 
w cm o in 
w • • • 
a; mo vo in 
to 
w 

p 

vo vo t- 
3» in vo at 

CO • • • 

in in in 


W i— i-lO 
P CO vo M 3 

S^ 3 r 3 f 

H 

Eh 

•X 

P t- cn 4 
m ov i — 

i * * 

CO to 33 


* 3 j 

a 


in 

7 


in 

i — 
+ 


in 

7 


in 


O 0 OO 

w ^ B S 

< «! « 3 j 

2 P P P 

<33 

CO 


o 
to 
CO 

§ggg 

K H H H 
fe H Eh h 
« 3 S <»! * 3 } 

2 P P P 


in 

T— 

I 


in 

r - 

+ 


CO 


«3 

K P P P 

gggg 

H H H 
•X EH Eh Eh 

Eh « 3 * c <33 

2 P P P 
co 


CM CM M 3 
AT t- [- 
CO • • • 

H svo in 
eh 
S 3 

§ in o co 
E o in mo 

in t»vo in 

CM 


co ov tn cm 

W CO r- VO 

w • • • 

cx vo vo in 

a 

w 

p 

CM *- r- 

c- co at cm 

co • • • 

in m tn 


W st t~ X" 
P O CO CO 

to * • • 

H 3 f 3 J- 3 t 

H 

H 

< 3 ! 

P C- 3 f CM 
i— in t-~ 

co co co 


< 3 ! 

a 


in 

i — 

I 


in 

i — 
+ 


, w W w 

W P P P 


p 2 
<$ Eh 
> H 
SH Eh 
2 <X 

1 ^ 


O 
Eh 
H H 
Eh Eh 

< 3 j < 3 j 

P P 


co co vo 
in tn in 


cr> 


co 


O vo CM 

o eg at 

v «— O 

CM CM CM 


cm i*- in 
ov m ov 


co xr **■ 


O M 3 O 
in i- in 


•=r tn in 


CM CO co 
C— CM CO 


in vo vo 


r~ c— in 
in vo at 


CM 00 v- 
C— at OV 


vo vo tn 


vo CM 00 

co ro in 


l — Q OV 

„ <- in in 

co • • • 

W tr- vo in 

Eh 

S 3 

S O OV 3 f 

E vo o co 
• • « 

OV VO VO tn 

AT 


co ov tn cm 
w ro »- vo 
w • • • 
o? vo vo in 
O 

w 

p 

C^S 

co vo t— tn 

co # . . 

in in in 


Cd i— 00 c — 

P OO i — cm 
S 3 • • . 

eh 33- tn in 

Eh 

< 3 ! 

P C— 33 - 33 
t— C~- O 

•=r 33r in 


o 

o 


in 


co 

a in 

a r~ 


LJ • r 

p 

co w w w 
_ p p p 

§ g g g 

O < 3 j *ai ct 

P P P p 
U 


c- c- in 

* i • 

in in in 


cm ov o 

■ i * 

vo in ov 

NOVO 
O O O 
CM CM CM 


tn M 3 CM 
NCON 


co =r 3r 


ov o CM 
CM OV CM 


33 - at- in 


in^ n 
inoi- 


in vo vo 


in o ov 
■=c vo co 


CM N O 
co in o 


tn o c- 
o in vo 

c- vo in 


cm vo in 

r -3 UV 

V) . . . 

w nvo in 

Eh 
S 3 

B 


S vo 


in vo vo in 

33 


CO 33 O CO 
W (\l 0 3 

W • * • 

w vo vo in 
o 
w 
p 

in M 3 VO 

ov vo c— in 

to • • • 

in in in 


w in i- co 
P vo o o 

S 3 .• • • 

eh a 3 in in 

H 

•a! 

P i- vo 3 
o n oo 
• ■ • 
333 


n 


Ov p t 
n vo u 


«— o OC 
C— 03 N 

1 — T— C 

CM CM O 


M 3 n OC 
M 3 CM LT 


CO A3 33 


1- ro VO 
33 O CO 


O O 33 , 
N- CM cr 


n vo vo ' 


M3 CO r- 
CO O CO 


vo Nvo’ 


CO CM OV: 
CM O CO. 

* V ». 

t— t— vo**' 


n co cm 
vo o i- " 

C— VO 

(! 

vo o vo i 
co i— o 5 

W N N VO 

D is 

2 i-i 

M CO Ov CM \ 
S IONOV 1 

Ilf 

N- n- vo in 


CO OV 33 00 j 

w n co c- ' “ 
M • • • 

« vo vo n • 
co 
u 
p 

O r~* «— 1 

ov c— co vo 

CO • . . 

n n n 


w vo ov vo 
P n oo ov 

g 33 * 33' at’ 

Eh 

«! 

p n cm n 

VO r- CO 

CO 3 3 


O 

CJ 



s 


+ 

O 

H 

Eh 

1 



w 

w 

W 

O 

W 

w 


p 

g 

p 

g 

P 

g 

2 

2 

o> 

P 

g 

.Q 

t=> 

Eh 

as 

H 

H 

M 


H 

H 

w 

EH 

Eh 

H 

P 

Eh 

Eh 

> 


< 

•X 

S 3 

< 

< 

2 

w 

p 


P 

P 

■X 

K 

O 

P 

1-4 



E 


1c 


x 

z 

H 

*=3 

Z 

W 

O 

-a! 

« 

Z 

> 


z 

z 


VO t— r- 

m vo c— 

(0 • • • 

w hvd m 
H 

z 

z 

H Wt-o 
giflr-3 

f- VO VO in 


CO VO C\J OO 
W ar CM VO 

W • » • 

P3 vo vo in 

o 

§ 

00 On On 

oo vo t~- in 

on . . . 

in in in 


w on ctmo 
Z t— O T— 

B ar in in 
H 
H 
<3 

Z CM co C— 
r- vo On 

^•43- 


OKS’ 

OF. POt 


n £ 


, <3 cm a i 

' AS C CO 1 

‘ W Q 1 

CO Ou£3 

iri in in 

t- c- in 
on on on 

e- co vo 
in in in 

CM CM crn 
... 
33 m 

CM CM O 
... 
ar ar ar 

O' O' t~ 
• • • 
zr zr 

oo on t- 
ar ar ar 

*■5* H+ | 

* g j 








V-«» 








ANNUAL 
TOTAL 
WH/SQ. M) 

Ol U) T- 
• • • 
CM CM m 
cm ar in 
i- t- o 
CM CM CM 

1352.9 

1337.8 

1262.1 

2079.2 

2115.9 

2046.1 

1528.7 
1518.5 

1437.8 

mom 
on O On 

m m^ 
in in ar 

r— i i — 

1788.9 

1795.8 

1716.4 

in cm ar 

on o in 
vo 00 O 
t- c^- e- 

r- r- r- 

W 1 








DEC 

vo co in 
oo ar co 
... 
on ar ar 

1.81 

2.02 

2.13 

on t— e'- 
en O ar 

rmm 

no m c— 
r- ar in 
... 
CO CM CM 

vo in o 
cm in 

CM CM CM 

CM ar C— 
r— in e- 

m no m 

CM CM 

mt-o 
m m ar 

NOV 

on cm vo 

3 r 3 
*11 

ar in in 

2.27 

2.51 

2.61 

vo o ar 
t— ar t- 

ar in in 

vo On ar 
00 r- cn 

cm m cn 

O rn on 
o' cm m 

cm m m 

ar CM t- 

Oiar vo 
• • • 

m ar ar 

on m oo 
oo m in 
... 
m ar ar 

OCT 

5.67 

6.16 

6.30 

CO VO on 

in t- t- 
no nn cm 

t-vO f- 
«- rn VO 

in in in 

cm on ar 
o cm cn 

ar ar ar 

t-inoi 
On CM CM 

m =r ar 

m r- O 

On m ar 
... 
ar in in 

in in o 
ar t- oo 

ar ar ar 

If OV, 

SEP 

in r- On 
in t- ar 
... 
VO VO VO 

CM VO OO 
CM CM O 

ST =r ^t 

ar vo t" 
co oi t — 

in in in 

«- t— oo 
oo oo vo 

ar ar ar 

vo cm m 

C- 00 VO 

ar ar ar 

vo ar in 
rCMO 
... 
in in in 

ar CD r- 
on o oo 
... 
•ar in ar 

. i 

S 1 

3 i 

H O I 

co 1 

C «3 1 

H 1 

t~ cm on 

OnNr- 
vo VO VO 

C>T-'r• 

t— in «- 
... 

ar ar ar 

6.31 

6.12 

5.62 

O O VO 

m *- vo 
in in ar 

CM T- VO 
m i- vo 

in in ar 

on i- oo 
m cm t- 

in in ar 

vo oo in 
m t— 

n in ar 

CC 1 

1 i 

J i 

H CO 1 

q z i 

in on ar 

V— LT' C— 
... 
C- VO lO 

r- CM vo 
r- t— «— 

in ar ar 

o vo rn 
in o cn 

vo vo in 

CM o OO 

vo cm in 
in in ar 

in CM on 
vo cm in 
... 
in in ar 

5.60 

5.21 

4.61 

5.51 

5.12 

4.53 


r- vo in 
T- VO O 
on . . . 

W in ar ar 

H 

Z 

z 

H vo O' VO 
S OO 3 O' 

vo ar ar on 
in 


w on in co 
w m t— t-- 

w • • • 

k 3 3 in 
C3 

w 

z 

i- m o- 
t- in in on 

3 • • • 

on on on 


Minoo' 
Z co CD On 
Z • * • 

H OJ on CM 

H 

H 

■a! 

J 3 103 
i- (03 

CM CM Cvi 


O CM O' 
r VO CO 
CO • • * 

U vo to 3 
H 
Z 

§ vo on on 
23 m cn cm 

» • l 

3 vo imn 


co on oo m 
W 103 P 
W i * v 

ex vo vo in 
o 
w 
z 

t- T- CM 
O' r- on «- 

r“ ic* 

VO VO VO 


W oo o> o 
Q nt-cn 

B in in in 
H 
H 
<3 

JvOO-O 
VO CM VO 

3 lO lO 


VO VO VO 

t— cm in 

CO • • • 

w m 103 
£h 
CO 
Z 

h cm on in 
E m on m 

(-1033 

in 


CO C— oo O' 
w t— in t— 

w • « • 

PS ar ar ar 

a 

w 

z 

oo . in 
oo on o co 

on • • • 

on =t m 


w in cm on 
n t- on on 

Z • • » 

H mirim 

H 

H 

■a! 

fj 3 O' O 
3T VO 00 


o- cu in 

co • • • 

tw in in •=}• 

H 

Z 

Soon 

E on on on 

... 

o lO 3 3 

ar 


co ion in in 
w oo vo CM 

w • • • 

K 3 3 3 
O 
w 
z 

«“ ar E- 

O' r- r* On 

on • • • 

3 3 on 


w m m3 
p CM 3 3 

in on on on 

w 

Eh 

•a; 

Z on vo t— 
3 0- CO 


CM CM CM 


CM CM CM 


co vo on 
o in oo 

oo . . . 

W VO 10 3 
H 
& 

3 in co vo 

2 3 On CM 

■=3 vo in in 
ar 


CO CM r- CM 
DJ o oo on 
W • • • 

as vo in in 
o 
w 
z 

3 i-3 

on on o oo 

CM • • • 

ar in =t 


w oo cm in 
z O' CM CM 

S m3 3 

H 

Eh 

■a; 

P vo on in 
r- 3 vo 

on on on 


t— r- vo 
in r- 3 
CO • • • 

w mm3 
H 
C3 

B 

E 


c— on vo 

O VO On 


VO 103 


CO CM T- CM 

w o oo on 

w • • * 

pc vo in in 

e 


w 

z 


O' OO on 
CM O 


W O' VO O 

z cm in vo 

H 3 3 3 
H 
H 
<3 

J vo vo in 
in o> r- 





1 

1 

t 

1 

1 

CO 




CT 




CU 




O 

« 

§ 




DE 




Ed 




FL 




i 


1 


in 


in 


in 


in 


LO 


in 

as 

in 


in 


in 


in 


in 


LA 


in 

in 



1 


r— 


1 — 




r* 


r— 


T— 

w 

<r— 


r— 




T*“ 








pr 



1 


i 


+ 


1 


+ 

<x 

i 


+ 

H 

i 


+ 


1 


+ 


i 


+ 

z 

l 

+ 

T* * *’ 


1H 

1 









« 




PJ 












CD 





-J 

1 












1 








z 









H 

1 


w 

m 

w 


w 

W 

w 

o 

w 

w 

w 

Z 

w 

W 

w 

z 

w 

w 

w 

o 

w 

Z 

w 

W 

w « 

w 




1 


o 

P3 

a 


a 

Q 

a 


H 

« 

o 

o 

w 

a 

a 

o 

« 

n 

z 

o 

z 

z 

z 

cn 

z z 

z 



>H 

1 

1 


£ 

n 

H 

O 

H 

Q 

ex 

o 

H 

H 

o 

Eh 


D 

H 

FH 

Eh 

O 

CD 

EH 

CD 

EH 

B 

EH 

a 

z 

Eh 

z 

EH 

B 

M 

z 

z 

EH 

B 

B 

<3 

B B 

z 

Eh 



■X 

1 

o 

H 

H 

H 

o 

H 

H 

H 

< 

M 

H 

H 

Z 

H 

H5 

H 

B 

H 

H 

H 

o 

H 

H 

H 

z 

H H 

H 

' M 


fX 

1 

hJ 


Eh 

Eh 

lu 

H 

H 

Eh 

H 

H 

H 

H 

H 

Eh 

Eh 

Eh 

Eh 

H 

H 

<3 

EH 

H 

EH 

o 

Eh Eh 

Eh 


W 

ex 

1 

m 

< 


< 

H 

< 

<£ 

< 


<3 


EC 

*3! 

< 

< 

E 

< 

«aj 

< 

Z 

C3} 



H 

<3 <3j 

<=$ 


H 

-X 

1 

w 

bJ 

►J 

J 

PS 


►j 

J 

<c 

hJ 


J 

CO 


J 

XI 

.J 

hJ 



<3 

z 

z 

z 

M 

Z Z 

Z 

■ i' 

*! 

H 


1 

o 




<3 




O 




<3 




M 




CM 







W 


1 

CM 








a 








z 








Z 




fi 

* • 


D-5 


JACKSONVILLE FL LATITUDE: 30 DEGREES 30 MINUTES 

LATITUDE -15: 3.40 4.16 5.14 5.95 6.03 5.73 5.56 5.42 4.85 4.40 3.81 3.18 1753*7 4.8 
LATITUDE : 3.77 4.42 5.22 5.74 5.60 5.25 5.17 5.23 4.91 4.71 4.27 3-61 1761.6 '4.8 
LATITUDE +15: 3.95 4.46 5.03 5.26 4.94 4.57 4.57 4.80 4.73 4.76 4.50 3.85 1685.2 4.6 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. H) 
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BOISE ID LATITUDE: 43 DEGREES 34 MINUTES 

LATITUDE -15: 2.33 3.57 4.95 6.18 7-13 7.48 8.20 7.55 6.87 5.20 3.23 2.30 1980.0 5.4 
LATITUDE : 2.58 3.80 5.03 5.94 6.56 6.76 7.53 7.28 7.06 5.65 3-64 2.62 1962.5 5.4 
LATITUDE +15: 2.69 3.82 4.84 5.41 5.73 5.79 6.53 6.63 6.84 5.77 3.84 2.78 1847.2 5.1 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. M) 
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KOROR ISLAND PN LATITUDE: 7 DEGREES 20 MINUTES 

LATITUDE -15: 4.14 4.72 5.04 5.36 5.05 4.72 4.65 4.70 4.73 4.56 4.29 3-93 1698.9 4.7 
LATITUDE : 4.60 5.03 5.15 5.23 4.77 4.41 4.40 4.59 4.82 4.87 4.78 4.45 1736.1 -4.8 
LATITUDE +15: 4.84 5.10 5.00 4.85 4.27 3.91 3-95 4.27 4.68 4.95 5.04 4.75 1690.1 4.6 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. M) 
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SAN ANGELO TX LATITUDE: 31 DEGREES 22 MINUTES 

LATITUDE -15: 3.72 4.38 5.48 5.94 6.27 5.63 6.54 6.32 5.48 4.92 4.10 3.61 1929.2 
LATITUDE : 4.16 4.67 5.5 8 5.73 5.81 6.04 6.0 5 6.10 5.57 5.29 4.62 4.14 1940.3 
LATITUDE +15: 4.37 4.72 5.38 5.25 5.11 5.21 5.31 5.58 5.37 5.38 4.88 4.45 1856.2 


AVERAGE DAILY INSOLATION BY MONTH (KWH/SQ. M) 
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